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ABSTRACT 
Lentinula edodes, member of the family Tricolomataceae of Basidiomycetes, 
is the second most popular cultivated mushroom in the world. In addition to its good 
flavor, L edodes has been considered as health food due to its high nutritional and 
medical values. It has been reported to exhibit anti-tumor activity, anti-viral activity 
and has remarkable effects on lowering serum cholesterol level. In order to improve 
the quality production yields of this economically important mushroom, the molecular 
mechanism of development and fruiting should first be elucidated. 
RNA arbitrarily primed polymerase chain reaction (RAP-PCR) was used to 
identify differentially expressed genes among RNA populations from four stages of 
Lentinula edodes development-vegetative mycelium, primordium, young fruit body 
and mature fruit body. Twenty two RNA fingerprints were generated and forty 
fragments showing differential expression pattern were isolated and reamplified. 
These fragments were re-screened with reverse dot-blot hybridization, and ten of them 
were cloned and sequenced. Homology searches of these clones with databases 
showed that four clones share high sequence similarity with other known genes 
products, including Cyclin B (Clb), CDC39{Cdc39), fructose 1,6 biphosphatase {Fbp) 
and alpha-adaptin {a-apt). In addition to the MAP kinase (MAPK) homologue that 
has previously been isolated by our lab, these results show that genes involved in cell 
cycle control, transcriptional regulation, gluconeogenesis, intracellular molecule 
targeting, and signal transduction may play important roles during L edodes 
development. 
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Northern blot analyses confirmed the differential expression pattems of these 
genes. Rapid Amplification of cDNA Ends (RACE) was used to amplify the 3' and 5’ 
ends of the L edodes Cyclin B {LeClb) and MAPK {LeMAPK) homologues. Full-
length cDNA of the LeMAPK was successfully obtained and sequenced, which 
encodes for a single ORF consists of 368 amino acids, and shows 56-69% sequence 
identities with six Ascomycetes MAPKs that are related to the pheromone responses 
and filamentation/invasive growth pathways. LeMAPK was cloned into a yeast 
expression vector and transformed into a,fus3AksslA yeast mutant to test for its ability 
to rescue the mating and invasive growth defects. The results of the complementation 
tests showed that LeMAPK could not functionally replace FUS3 or KSS1 in S. 












段表達的基因。在2 2個R A P - P C R實驗中’共發現了 40個具有分化 
表達特性的基因片段。經過斑點雜交法驗證，從中選出了 10個片段 
作進一步硏究，經過對這些片段的克隆和DNA測序實驗，我再將獲 
得的D N A序列和D N A序列數據庫進行比較，結果發現有 4個片段 
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Chapter One Literature Review 
1.1 Introduction 
Lentinula edodes (Berk.) Pegler, with its Chinese name "Xianggu", or more 
commonly known as Shiitake mushroom, is the second most cultivated mushroom in 
the world (Chang and Miles, 1991). Mushroom belongs to the Kingdom Fungi. 
According to The Mycota (Wessels and Meinhardt, 1994)，L. edodes is classified into 
the class homobasidiomycetes in the subdivision basidiomycotina of division 
dikaryomycota. 
It is not surprising that the first record of Shiitake cultivation can be traced 
back as far as the Sung Dynasty (960-1127 A.D.) in China (Ito, 1978). The Chinese 
call L. edodes Xianggu, which means "fragrant mushroom", a fitting name in light of 
its pleasant and caramel-like odor. When cooked, its meaty flavor and chewy texture 
make it the most popular mushroom in Chinese and Asian cuisine. Modern analysis 
has identified the aroma-bearing substance 'lenthionine' (Morita and Kobayashi, 
1966, 1967; Yasumoto et al. 1971a,b) and a flavor-enhancer, guanosine 5'-
monophosphate from L edodes (Nakajima et al., 1961; Mouri et al., 1969). 
Besides being delicious, L. edodes has long been known for its health-
promoting ability and tonic properties in Chinese folk medicine. These have been 
proven by clinical research since the 1960s. Chronic ingestion of L. edodes lowers 
serum cholesterol level in rats and human (Suzuki and Oshima, 1974). An adenine 
derivative called eritadenine was purified and found responsible for the mushroom's 
hypocholesterolaemic effect. Eritadenine accelerates the conversion of low-density 
lipoproteins (LDLs) to high-density lipoproteins (HDLs) in the liver and increases 
cholesterol excretion into the feces (Tokuda et aL, 1974). 
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Another active component, lentinan, a polysaccharide extracted from L 
edodes, has been reported to have anti-tumor (Bcekawa et al., 1969; Chihara et al., 
1969, 1970; Mori et al., 1987) and anti-viral effects (Takehara et al., 1979) by 
stimulation of the immune system against cancer cells and viruses. Lentinan can 
increase T-cell production (Chihara et aL, 1987), which in turn activates 
marcrophages (Yoneda et al., 1984). It also stimulates natural killer (NK) cells 
(Byram et al., 1979) which kill tumor cells by the action of perforin, an enzyme that 
makes holes on cell membranes that results in leakage and death of the enemy cells 
(Young and Cohn, 1988). The anti-viral activity in L. edodes is mainly the effect of 
interferon induction, which is attributed to mycoviral double-strand RNA in the fungal 
spores (Suzuki et al, 1974). The immunopotentiating and immunorestorative nature 
of lentinan makes it an important component in the clinical treatments of cancer and 
ADDS patients in Japan (Aoki et al,, 1987). Recent reports showed that the anti-HW 
ability of azidothymidine (AZT) is dramatically augmented when administrated with 
lentinan (Tochikura etal., 1987). 
In the era of health-concern, L edodes has gained its popularity quickly all 
over the world. The production of L edodes in the United States increased nearly 
eight times from 200 tons to 1,771 tons from 1986 to 1990. Japan alone produces 
160,000 tons a year, which valued at about one billion U.S. dollars in 1990. Estimated 
world-wide production of L. edodes was 393,000 tons in the same year, which 
accounted for 10.4% of total production of cultivated mushrooms in the world (Chang 
and Miles, 1991). 
Because of its economic importance, studies on the development of L. edodes 
would have high practical value. The fruit bodies of basidiomycetes are the most 
advanced differentiated structures in the fungal kingdom, any information on their 
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developmental mechanisms would no doubt have significant scientific merit. 
However, very little is known about the biochemical and molecular aspects of fruit 
body development of L edodes and other edible mushrooms. Even for the two model 
fungi, Schizophyllum commune and Coprinus cinereus, information on their 
development are still very fragmentary. 
1.2 The LifeofL. edodes 
The life cycle of L edodes begins when the haploid, uni-nucleated 
basidiospore germinates in the substrate and produces a vegetative, monokaryon 
hypha. Hypha is the fundamental growth unit of multicellular fungi. It is essentially a 
tube with a rigid wall made of chitin and glucans, containing a moving slug of 
protoplasm with all typical eukaryotic cytoplasmic components (Gow, 1994). The 
fungus is heterotrophic, it obtains nutrients by secretion of enzymes (e.g. cellulase and 
ligninase) at the hyphal apices to the surroundings (Wdsten et al., 1991), performs 
extracellular digestion, degrades the constituent polymer of the substrate, and then 
absorbs the nutrients along the hypha (Wessels, 1993b). Hyphae grow only at their 
tips, which characterizes their nature of polarized growth. The hypha is divided into 
separate compartments by septa. In basidiomycetes, a more complex dolipore septum 
allows the transport of nutrients and water but prevents passage of nuclei and 
mitochondria (Moore, 1985), therefore, a cell can maintain its nucleus number at 
either one (monokaryon) or two (dikaryon). Hyphae regularly branch behind the 
apex. This allows the divergent growth of the colony that gives its characteristic 
circular outline. In the older part of the colony, where nutrients have been depleted, 
hyphal tips grow towards each other and anastomose at the point of contact. This 
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creates a network called the mycelium, which permits translocation of materials and 
organelles among different regions of the colony. As a result, the fungus could be 
more flexible in exploring large areas even when nutrients are in isolated patches 
(Jennings, 1984, 1994; Rayner et aL, 1995). 
The onset of the L.edodes sexual reproductive phase is marked by the fusion of 
two compatible monokaryotic hyphae. By nuclear division and migration, each hyphal 
compartment contains a pair of nuclei from two parental sources, it is now called a 
dikaryon. A distinctive feature of basidiomycetes dikaryon is the clamp connection, a 
complex form of cell division that aims to preserve one copy of each haploid nucleus 
within every dikaryotic cell (Casselton and Olesnicky, 1998). The dikaryon grows 
much faster than the monokaryon, and it quickly colonizes the substrate. Most of its 
life of L. edodes stays as a dikaryotic mycelium, but it gives rise to fruit bodies in 
response to appropriate environmental triggers. 
Fruit bodies are adaptations for aerial dissemination of meiospores (Wessels, 
1994). The fruiting process begins with aggregation of hyphae to a hyphal knot called 
the primordium. It starts as an unorganized structure but it promptly differentiates. If 
the environment is favorable, and water and nutrients are not limiting, primordia will 
continue to expand and develop into mature fruit bodies (Fig. 1.1). 
Basidia are specialized cells on the gills of the mushroom. The pair of nuclei 
in each basidium fuses to form a transient diploid nucleus. Meiosis follows and the 
four haploid daughter nuclei migrate into the basidiospores that develop from the 
basidia. Spores are discharged from the gills and dispersed by wind. When a spore 
lands onto suitable substrate, it germinates and completes the life cycle (reviewed by 
Przybylowicz and Donoghue, 1988). 
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Fig. 1.1. Life cycle of L edodes (adapted from Przybylowicz and Donoghue, 1988) 
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1.3 Biochemical and Molecular Studies on Mushroom Development 
Biochemical and molecular studies on edible mushrooms are very limited. 
Schizophyllum commune and Coprinus cinereus are the two most intensively studied 
mushrooms because they are easier to fruit under laboratory conditions. Both of them, 
however, are inedible and their developmental studies are still elementary. Up until 
now, we do not know the exact mechanism of fruiting --- the most conspicuous and 
important process during mushroom development. Many hypotheses have been 
proposed but experimental data and their interpretations are sometimes controversial, 
making it difficult to draw generalizations among different mushroom species. The 
organization of fungal systems is different from those of plants and animals, so it is 
impractical to apply plant or animal developmental biology directly to mushrooms. 
Molecular tools have been utilized for mushroom researches in recent years. 
They facilitate studies at the cellular level because of the evolutionary conservation of 
basic cellular functions. Yet, the support of biochemical and morphological studies 
are still crucial in order to draw the ‘big picture' of how an unorganized ‘mat’ of 
fungal hyphae coordinates to form a fully differentiated fruit body. 
Here, I review recent molecular and biochemical findings of mushroom 
development. Most of these findings were obtained in the studies of Schizophyllum 
commune and Coprinus cinereus, and the molecular information on the development 
of Lentinula edodes and other edible mushrooms is also included. The review is 
divided into three parts as in the mushroom's life cycle: the mycelium, the 
primordium and the fruit body. 
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1.3.1 From Monokaryotic to Dikaryotic Mycelium 
Lentinula edodes is a heterothallic basidiomycetes. It is self-sterile, therefore a 
monokaryon cannot fniit unless it fuses with another compatible monokaryon and 
forms a dikaryon. Successful mating is controlled by mating-type genes. The function 
of mating-type genes is to prevent self-mating and thereby maintain genetic variability 
within the population (Kothe, 1996). In L edodes, mating-type genes are located at 
two unlinked loci, termed A and B. A compatible mating requires the two 
monokaryons to have different alleles of genes at both mating-type loci, e.g., AlBI x 
A252. The mating system of L. edodes is therefore tetrapolar because four mating 
types can segregate in the sexual progeny as a consequence of meiosis (Casselton and 
Olesnicky, 1998; Takemam, 1961). 
In most fungi the mating-type genes are regulatory genes, producing protein 
products that bind to deoxyribonucleic acid (DNA) and control the expression of 
several other genes. By making experimental pairings between strains with the same A 
or the same B allele, the regulatory roles of the A and B loci have been deduced in C. 
cinereus (Fig. 1.2; Casselton et al., 1995). Both loci are required for the development 
and maintenance of the dikaryotic state, especially the formation of clamp 
connections. The A locus controls the pairing and synchronous division of nuclei and 
also the formation of clamp branches, whereas the B locus controls the fusion of 
clamp branches and septal dissolution. In S. commune, it has been shown the B locus 
controls the derepression of gIucanase genes, which encode septa-disrupting enzymes 
(Wessels and Niederpruem, 1967). 
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. Olesnicky, 1998) 
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Molecular analysis has revealed that genes of the mating-type A loci encode 
the two protein subunits of a heterodimeric regulatory protein HD2 (Kiies and 
Casselton, 1992). Their nucleotide sequences show the presence of a homeodomain, 
the DNA-binding domain that marks a large family of transcription factors which play 
significant roles in higher eukaryotic development, e.g., homeotic clusters of 
Drosophila melanogaster and hox genes of vertebrates that specify body segmentation 
(Biirglin, 1994; McGinnis and Krumlauf, 1992). The two subunits of the A loci were 
termed HD1 and HD2 (Kiies and Casselton, 1992) and they are important for the 
intracellular recognition of sexual compatibilty during the formation of dikaryon. In 
order to make a functional regulatory protein, a HD1 protein must dimerize with a 
HD2 protein from another compatible mate, and the amino-terminal of the 
homeodomain was found to be responsible for discriminating the sexual compatibility 
between them (Banham et al., 1995; Kamper et aL, 1995; Magae et al, 1995). The 
heterodimer is assumed to be a transcription factor that tums on genes of downstream 
developmental pathways. Hence, the above mechanism can ensure that the activation 
of mating-dependant pathways occurs only after the fusion of compatible mates 
(Casselton and Olesnicky, 1998). 
The mating-type B genes of the basidiomycetes encode both the peptide 
pheromones and the pheromone receptors (B6lker et al, 1992; 0 ' S h e a et al., 1998; 
Vaillancourt et al., 1997; Wendland et aL, 1995). In the corn smut Ustilago maydis, 
signaling by means of pheromones is required to attract mates or to promote mating 
structures (Hartmann et al., 1996; Urban et al., 1996). However, the function of 
pheromones in mushroom forming fungi has not been established yet. Casselton and 
Olesnicky (1998) suggested that pheromone"stimulation might be required for clamp 
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cell fusion and maintaining the organized growth of dikaryon in S. commune, based on 
the observation that compatible B genes activate pheromone responses only after cell 
fusion (Vaillancourt et al., 1997; Fig. 1.2 in section 1.3.1). 
Mating-type genes are traditionally believed to be the master regulators for 
sexual development of the heterothallic basidiomycetes (Wessels, 1994). Yet, existing 
knowledge on their functions is restricted at the initial steps: development and 
maintenance of the dikaryon by compatible mating and formation of clamp 
connections. Links are missing between the activity of these ‘master regulators' 
(putative transcription factors) and fruit body formation or maturation, the 
downstream pathway of mushroom development. In homobasidiomycetes, dikaryotic 
mycelium is the major form of growth and this vegetative state could stay for a long 
time without fruiting. Jn the studies of Coprinus congregatus, Ross (1982) stated that 
a period of growth is required before the dikaryon is competent to initiate 
differentiation, and it is the time required for the accumulation of the molecular 
apparatus necessary for the cell to receive and respond to stimuli that trigger fruiting. 
Based on this hypothesis, it is possible that the mating-type genes regulate the 
appropriate expression of those ‘preparative molecular apparatus', whereas the 
extemal stimuli are the real factors that activate expression of fmiting genes which 
eventually enable formation of a fruit body primordium. 
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1.3.2. Initiation and Differentiation of the Primordium 
The emergence of primordia from the dikaryotic mycelium is the most eye-
catching event during the development of mushroom, therefore many of the 
mushroom studies are focused on the initiation and differentiation of the primordia. 
Environmental Stimuli for Fruiting 
Mushrooms are produced in response to environmental cues which often stress 
the mycelium, signalling that it is time to seek new substrate. Fmiting-inducing 
factors of L. edodes include light, temperature fluctuation, nutrient depletion, and 
aeration. 
According to Ishikawa (1967), initiation of fruiting depends on light during 
the vegetative growth. Longer exposure time results in more primordia, and the most 
effective wavelength is 370-420nm. He also showed that the effect of irradiation could 
not translocate to the unexposed portions of the mycelium, which means the sites of 
primordia development are light-determined. In fact, light is the primary trigger for 
fruiting in many basidiomycetes (Ross, 1985; Kozak and Ross, 1991; Wessels, 1993a; 
1994)，where it acts on plasma membrane receptors to sensitize hyphal tips for sexual 
development. However, we are completely ignorant of how hyphal tips find each other 
and have their branching pattern changed in a coordinated way that leads to the 
formation of primordia. 
The optimal temperature for L edodes mycelial growth is about 2 5 � C . Fruiting 
is induced by a sudden drop in temperature or by a period of fluctuating temperatures 
(Nukumizu et aL, 1959; Komatsu, 1961), but the exact range of temperature changes 
is strain-dependant. 
11 
In a study of growth and development of L edodes on a chemically defined 
medium, it was shown that the mycelium had already taken up more than 90% of the 
total extracellular nitrogen by the beginning of the 'transitional stage', or just before 
the initiation of primordia (Leathern, 1985). After that, nitrogen level did not change. 
The results indicate that nitrogen depletion of the medium triggers fruiting in L 
edodes. 
So, how may these environmental stimuli activate the expression of 
downstream 'fmiting-genes'? One of the possibilities is that they bring about 
conformational changes of important molecules, especially those associated with 
membranes. For example, temperature could affect membrane fluidity that may alter 
the rate of transmembrane activities; light could even interact with membrane-
localized receptors and activate important developmental pathways through signal 
transduction cascades; nutrient depletion could influence many biphasic plasma 
membrane transport mechanisms: the shift from high metabolite concentration in one 
phase to low concentration in another and vice versa may result in derepression of 
previously unexpressed genes, or again, conformational changes in existing proteins. 
Both of them could be significant in differentiation processes (Reijnders and Moore, 
1985). 
Likewise，gas concentration is also important during fruiting. In the button 
mushroom Agaricus bisporus, carbon dioxide levels below 0.2% are optimal for 
fmiting’ while higher concentrations will lead to deformed primordia and mushrooms 
(Vedder, 1978). L edodes appears to behave similarly to CO2 levels (Royse, 1985). 
Wessels (1965) showed high oxidative activity ofSchizophyllum commune fruit body, 
which suggests a high oxygen concentration may be necessary for their development. 
A hypothesis was then proposed: oxygen may induce a hyperoxidant state involving 
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oxidized proteins that operate a switch to aerial differentiation (Hansberg and Aguirre, 
1991; Toledo and Hansberg, 1990). It is interesting that the need for higher oxygen 
concentration coincides with the practice of mushroom farmers all over the world: 
increased aeration during mushroom fruiting. 
Translocation of Metabolites 
By the time of fruiting, drastic changes in the colony were observed. As 
mentioned in section 1.2，mycelium of fungi is an interconnected network. A study in 
Coprinus demonstrated that developing primordia draw upon metabolites from the 
entire mycelial colony (Madelin, 1956), while another study in S. commune also 
showed that primordia arise at the expense of polymeric components of the supporting 
mycelium (Wessels, 1965). Translocation of active cytoplasm towards developing 
fmit bodies had been shown more recently by in situ hybridization of whole colonies, 
using a ribosomal-DNA probe to monitor the spatial concentration of rRNA (Ruiters 
and Wesseis, 1989). 
Fruiting-inducing Substances 
During the past few decades, much effort has been made to extract fruiting-
inducing substances from whole-mushroom or mycelia extracts. Uno and Ishikawa 
(1971,1973) are the first who discovered the role of cyclic AMP (cAMP) as a fruiting-
inducing substance in C. cinereus. After that, a high level of endogenous cAMP has 
also been found relating to fruiting in other mushroom species, e.g., S. commune 
(Schwalb, 1978), Phanerochaete chrysosporium (Gold and Cheng, 1979) and L 
—des (Takagi et aL, 1988). Yli-Mattila (1987) saw an increase in cAMP level after 
triggering S. commune dikaryons with light. In C. cinereus, fruiting response is related 
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to an activated cAMP-dependent protein kinase, which in tum activates glycogen 
phosphorylase and inhibits glycogen synthase (Uno and Ishikawa, 1982). As a result, 
glycogen, the carbohydrate reserve in the mycelium, could be mobilized to the site of 
primordial growth. Syamy et al. (1985a,b) demonstrated that the cAMP-dependent 
protein phosphorylation is controlled by mating-type genes. 
In addition to cAMP, cerebrosides in S. commune (Kawai and Dceda, 1982)，an 
unidentified compound with molecular weight <12000 from Agaricus bisporus that 
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induced fruiting in S. commune (Rusmin and Leonard, 1978), and an unidentified, 
diffusible factor in Phellinus contiguus (Butler, 1995) have been found to induce 
mono- and dikaryotic fruiting. However, the exact mechanism of how these 
substances elicit fruiting is still not clear. Detection of fruiting inducing substances by 
chemical methods is difficult because of the trace amount and the restricted area of 
secretion. The complex substrate for mushroom growth makes purification even more 
complicated because the inducers are likely to be secreted into the medium to attract 
hyphal tips together (Frazer, 1996). Therefore, molecular techniques that study the 
differential expression of genes at different developmental stages should be more 
productive in identifying 'fruiting inducer' than trying to extract them from media. 
Differentiation of the Primordium 
Differentiation occurs very early in fruit body development. Microscopic 
studies describing morphogenesis in C cinereus indicate that fruit body initials of 
only 0.8 mm tall are clearly differentiated into veil, pileus and stipe tissues (Moore et 
fl/.，1979). Similarly, in A. bisporus, major tissue domains are demarcated by the time 
the primordium reaches 6-10 mm in diameter.(Flegg and Wood, 1985). 
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Molecular Studies 
Wessels and his colleagues were among the first who identified 
differentiation-associated genes in basidiomycetes ((Dons et al., 1984); Mulder and 
Wessels, 1986). They crossed and repeatedly back-crossed Schizophyllum commune 
strains to generate isogenic monokaryons of compatible mating-types. For the 4-day-
old surface cultures grown in light, monokaryon produces copious aerial hyphae while 
dikaryon produces numerous small fruit bodies. Sequences preferentially expressed in 
fruiting were identified by differential screening of a dikaryon-cDNA library, using 
32p-labelled cDNAs of vegetative monokaryon and fruiting dikaryons as probes. Nine 
‘fruiting mRNAs' were found and designated as Sc. Scl, Sc3, Sc4 and Sc6 are most 
abundantly expressed at the time of emergent growth, and they constitute 6-8% of all 
proteins synthesized in S. commune. They belong to a gene family that encodes small 
hydrophobic proteins with eight cysteine residues at conserved positions, the proteins 
thus were termed 'hydrophobins' (Wessels etal., 199la,b). 
Hydrophobins are secreted into the medium by the submerged hyphal tips, 
then they accumulate on the hyphal walls of emergent structures (Wessels et al., 
l991b). SC3 is the most water-repellent hydrophobin. Assembled SC3 covers the 
aerial hyphae and the surface of fruit bodies as well as in hymenial cells of S. 
commune but not the hyphae that make up the main fruit body tissue (Asgeirsdottir et 
a l , 1995), implicating that SC3 hydrophobin may form a water-proof protective film 
that covers the mushroom. Targeted disruption of the Sc3 gene in S. commune 
monokaryon results in fewer aerial hyphae, whereas the remaining aerial hyphae are 
hydrophilic (van Wetter et al, 1996). 
The other three hydrophobin genes Scl, Sc4 and Sc6 are active from the very 
beginning of fruit body initiation to the developing of fruit body tissues. It is 
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suggested that they affect the surface interactions of hyphae and therefore play a role 
in the hyphal aggregation during the formation of primordium (Wessels et aL, 1991b). 
Apart from hydrophobin, two other proteins are supposed to be responsible for 
hyphal aggregation during fruit body formation. Phenol oxidases have long been 
known for pigment production in many basidiomycetes (Wood, 1980). One of the 
phenol oxidases, laccase, was found to have increased activity during fruiting of S. 
commune (Leonard and Phillips, 1973; Phillips and Leonard, 1976) and L edodes 
(Leatham, 1985; Leatham and Stahmann, 1981). An antibody raised against laccase 
reacted with laccase located in hyphal walls of S. commune primordia (Wessels et al., 
1985) whereas in L edodes, laccase activity was detected in hyphal walls of the fruit 
body (Leatham and Stahmann, 1981). This raises the possibility that laccase may be 
involved in oxidative cross-linking of hyphae in primordia and fruit bodies. 
Lectins are carbohydrate-binding proteins. A novel lectin, PCL-M, was 
isolated from the dikaryotic mycelium of Pleuotus cornicopiae. The hemagglutinating 
activity of this lectin appears specifically on the surface of mycelium during onset of 
fruiting, suggesting that PCL-M may stimulate the formation of primordia in Pleuotus 
cornicopiae by adhering hypha to one and another (Oguri et al., 1996). 
Hydrophobins have also been found in fruit bodies of Agaricus bispoms. 
Lugones and his colleagues discovered the hydrophobin protein ABH1 in the closely 
packed hyphae that form the skin and the veil of the mushroom (Lugones et al., 1996). 
The property of ABH1 is very similar to that of SC3 in S. commune — both can 
assemble in vitro at hydrophobic-hydrophilic interfaces into a hydrophobic rodlet 
layer. Another research group has also found a gene encodes a hydrophobin in A. 
bisporus (De Groot et al, 1996). By differential screening of a cDNA library of pin-
stage mushroom, HypA, a gene that has 42% homology with Scl of S. commune, has 
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been isolated. The HypA transcript accumulates in peel tissue of mushroom caps and 
increases at the time of cap expansion. Both ABH1 and HYPA are expressed from 
initiation to full maturation of the fruit body, and they are supposed to form a 
hydrophobic layer that protects the mushroom against bacterial infection and other 
environmental influences. Whether or not the two proteins are related is not clear. 
The mushroom-inducing gene Frtl from S. commune is able to override the 
normal requirement of a mating reaction for fruiting. By ectopic genomic integration 
via DNA-mediated transformation, the cloned Frtl gene not only induces de novo 
monokaryotic fruiting, but also enhances the normal formation of fruit bodies in 
mated dikaryons. It can integrate stably at different genomic locations and still induce 
fmit body in the transformant, suggesting that Frtl exerts its effect in trans. Frtl is 
constitutively expressed therefore its activity is probably not controlled at the 
transcriptional level. Frtl appears to have different allelic forms, and some sort of 
self/non-self recognition event may be necessary for its fruit-inducing activity, as 
introducing a second identical copy of the Frtl allele by transformation into a ‘self 
strain cannot elicit the fruiting phenotype. Elucidation of its exact mechanism awaits 
the isolation and comparative structural analysis of at least one alternate allele of Frtl 
from another strain of S. commune (Horton and Raper, 1991; 1995). 
Differential screening techniques have been used successfully to isolate 
developmentally regulated genes in basidiomycetes. Besides HypA, De Groot's group 
has also isolated ten other fruit-body-induced clones from the primordial cDNA 
library of A. bisporus (De Groot et aL, 1997). Sequence analysis has predicted the 
putative gene products of three of them and they are designated as SepA, CypA and 
AtpD. AtpD shows significant homology with the 5-subunit of the mitochondrial ATP 
synthase complex of Saccharomyces cerevisiae and Neurospora crassa. The deduced 
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amino acid sequence of SepA aligns with the septin family, mitotic cell division 
control proteins that may be involved in cytokinesis. A. bisporus CypA appears to 
encode a cytochrome P450. 
Eight cDNA clones specific for primordial differentiation have previously 
been isolated from another edible mushroom, Agrocybe aegerita, by differential 
colony hybridization and were designated as EMAal to EMAa8 (Salvado and 
Labarere, 1991). Lately, Labarere's group has cloned and sequenced a gene called Aa-
Pril which is specifically expressed during fruiting initiation of A. aegerita (Espinar 
and Labarere, 1997). The Aa-pril protein has 39.1% homology with the Asp-
hemolysin of Aspergillusfumigatus, but the functions of hemolysins or other cytolytic 
proteins in fungal cells are not clear. Nevertheless, based on the ability of hemolysins 
to interact with membrane receptors (Thelestam and M6llby, 1979) and the presence 
of a hydrophobic region in the NH2-terminal of the Aa-Pri 1 protein, it is hypothesized 
that the Aa-Pri 1 protein binds with specific membrane receptors on the hyphae, which 
then allows hyphal aggregation and the formation of the primordia. 
Shishido and his colleagues have been actively involved in the molecular 
studies of L edodes development since the mid-80s. They showed that high level of 
intracellular cAMP and adenylate cyclase activities are closely related to the onset of 
fmiting and primordium formation (Takagi et al., 1988). Since the expression of a ras 
gene is associated with intracellular cAMP level in organisms such as S. cerevisiae 
(Toda et aL, 1985; Field et al., 1988) and Dictyostelium discoideum (Khosla et aL, 
1990; Reymond et al., 1984; Robbins et al, 1989)，Hori et aL (1991) had tried to 
clone the ras homologue by heterologous hybridization using v-Ha-ras (Harvey rat 
sarcoma viral ras gene; Barbacid, 1987) as probe under low stringency conditions. 
The resulting gene is named Le.ras and the deduced protein shares 80% homology 
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with Schizosaccharomyces pombe RAS protein. However, the transcription of Le.ras 
is not developmentally regulated suggesting that there is no direct correlation between 
ras gene expression and cAMP level in L. edodes. Even though they later 
demonstrated that Le.ras cDNA can functionally replace the ras genes in S. cerevisiae 
by yeast complementation analysis (Ishibashi and Shishido, 1994), this could only 
serve as an illustration of differences in developmental gene regulation during 
development of apparently closely related organisms. 
Two novel genes, priA and priB, which are up-regulated in 
primordia>'immature fruit bodies of L edodes have been identified. PriA was isolated 
during the screening for genes homologous to v-Ha-ras (Kajiwara et al., 1992). The 
deduced PRIA protein contains several types of putative zinc-binding motifs and a C-
terminal Cys-Aaa-Aaa-Xaa box (Aaa, aliphatic amino acid; Xaa, any amino acids) that 
is present in membrane-binding proteins. These properties allow the PRIA protein to 
bind to DNA and cellular and/or nuclear membranes. 
Another novel gene, priB, was isolated from a L edodes primordial cDNA 
library by subtractive hybridization (Endo et al., 1994). The deduced PRIB protein 
contains a Zn(E)2Cys6 zinc cluster DNA-binding motif and a possible leucine zipper 
domain, fo order to verify the DNA-binding activity of PRIB and to determine the 
target sequences of the protein, Miyazaki et al. (1997) had performed random binding-
site selection assay. The recognition sequence of priB comprises 16bp, 5’ 
GGGGGGGACAGGANCC 3’’ but it is different from those of other fungal 
transcription factors containing the Zn(E)2Cys6 zinc cluster DNA-binding motif. 
Considering the presence of DNA-binding motifs and the differential expression in 
the primordial stage, it is possible that both priA and priB encode transcription factors 
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and control expression of genes related to the onset of fruiting or primordium 
formation in L edodes. Yet, none of their target genes have been identified. 
In our laboratory, the gene encoding beta subunit of mitochondrial processing 
peptidase (p-MPP) has been isolated from L edodes using RNA arbitrarily primed 
polymerase chain reaction (RAP-PCR) (Zhang et aL, 1998). Most of the nuclear-
encoded mitochondrial proteins are first synthesized as larger precursors bearing a 
leader sequence for targeting to the mitochondria. Mitochondrial processing peptidase 
(MPP) is responsible for the cleavage of the leader sequences from the precursors 
upon import into the mitochondria. As the expression of L edodes p-MPP increases 
starting from the primordial stage, this suggests that higher mitochondrial activities • 
may be required to meet the energy demand during the rapid growth of the fruit 
bodies. 
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1.3.3 Growth and Maturation of the Fruit Body 
Fruit body is the largest and the most differentiated structure in the life cycle 
of the basidiomycetes. Stipe elongation, cap expansion and the development of 
specialized structures like the basidia-bearing hymenium are the most conspicuous 
and important events during its maturation. 
The development of mushrooms is very different from that of plants and 
animals. Fruit body development involves the coordinated growth and differentiation 
of hyphae, the basic unit of the fungus. The ‘tissue，of a mushroom is composed of 
interwoven and contiguous hyphae, which is called pseudoparenchyma (Read, 1994). 
In plants and animals, the shape of structures and organs are determined by the plane 
of cell division and the organisation of cytoskeleton whereas in mushrooms, shape is 
determined by the location of hyphal branching and fusion. There is nothing like the 
meristem found in plants. 
Energy requirement during later stages of fruit body development is 
tremendous. Cell tumover, involving translocation of breakdown products, becomes 
very evident because of substrate limitation. An early study with S. commune 
demonstrated that expanding fruit bodies grow at the expense of polymeric 
components of both the supportive mycelium and abortive primordia (Wessels, 1965). 
Glycogen，the main carbohydrate storage in the mycelium, is degraded by a 
glucoamylase and becomes mobilized (Yli-Mattila and Raudaskoski, 1992). The 
components of the fungal cell wall like the water-soluble p-(l ,3)/p-(l ,6)-glucan is 
degraded by P-(l,3)-glucan glucohydrolase (Wessels, 1969) while R-gIucan, a 
dominant alkali-insoluble component, is brokendown by a P-(l,6)-glucan 
glucanohydroiase (Wessels, 1966; 1969). . 
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Rapid growth and enlargement mark the maturation of mushrooms. Two basic 
strategies, cell division and cell inflation, are employed in fruit body expansion. The 
polypores, Lentinula, and S. commune tend to produce more hyphal branches and thus 
increase largely in cell number but not in cell size (Moore, 1996; Wessels, 1992). On 
the other hand, agarics like C. cinereus depends on cell inflation for fruit body 
expansion (Gooday, 1985; Hammad et al., 1993a,b), whereas in species like A. 
bisporus, both cell division and inflation are involved (Craig et al, 1977). 
Diffuse extension growth plays an important role in hyphal morphogenesis 
during fruit body development. In diffuse extension growth, the extension of the cell 
surface is not confined to the hyphal tip but occurs throughout the hyphal surface, thus 
allowing the inflation of the cell (Kamada, 1994). Cell wall composition changes 
between mycelium and fruit body. For most of the agarics, e.g. A. bisporus, their fruit 
b o d i ^ grow mainly by the insertion of new cell wall material along the length of the 
hyphae (Craig etal., 1977). 
Both dry weight and wet weight increases during fungal cell inflation, ][n C 
cinereus, urea acts as an osmotic metabolite that drives water into the expanding cells 
of the hymenium. Biochemical studies show that the amplification of the tricarboxylic 
a d d (TCA) cycle and the urea cycle, together with specific derepression of an 
ammonium-scavenging system cause the accumulation of urea in the maturing fruit 
body cap of C. cinereus (Ewaze et al., 1978; Moore et al., 1979). Nevertheless, cell 
inflation in different part of the mushroom and in different species depends on 
different metabolic pathways for the provision of osmotic metabolites. For example, 
mature fruit bodies ofA. bisporus accumulate mannitol to 25-30% of their dry-weight, 
and sometimes as much as 50% (Hammond and Nichols, 1976). Therefore, mannitol 
may serve to attract water into the fruit body hyphae and the resultant turgor pressure 
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would cause cell inflation and function in supporting the fruit body (Hammond, 
1985). 
Molecular studies in Fruit body 
Shishido and his colleagues have isolated two fniit body-specific genes from a 
cDNA library of L edodes mature fruit bodies. The mfbAc transcript is abundant in 
the pileus but not in the gill tissue and the stipe, and its deduced protein contains a 
cell-surface attachment-promoting Arg-Gly-Asp (RGD) motif and seven putative N-
glycosylation signal sequences (Kondoh et al., 1995), suggesting that the MFBA 
protein may be secreted at the hyphal surface and function as a cell-adhesion protein 
in the cap of the fruit body. They then tested the biological function of MFBA by 
introducing mfbAc transcript into S. cerevisiae with the aid of a yeast expression 
vector, and this causes significant aggregation of the yeast cells (Yasuda and Shishido, 
1997). Their recent data indicate that basidiomycetous hyphal cells also produce a 
receptor protein for the MFBA fragment (Yasuda et al., 1997). 
Another gene, uckl, is located downstream of priB (Endo et al., 1994). The 
deduced amino acid sequence of uckl shows high homology with S. cerevisiae URA6 
which encodes an UMP kinase. The purified uckl gene product was assayed for its 
nucleoside monophosphate kinase activity and the result showed that it catalyzes the 
phosphoryl transfer from ATP to UMP and CMP efficiently, therefore uckl is an 
UMP-CMP kinase, uckl is actively transcribed in the gill tissue of the mature fruit 
body, suggesting that the L edodes UMP-CMP kinase may play a role during the 
formation of basidiospores. For example, promoting the biosynthesis of nucleic acids, 
carbohydrates and lipids by synthesizing UDP, ADP and CDP, which are the 
precursors of their nucleoside triphosphates (Kaneko et al., 1998). 
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The Sc7 gene is over-expressed during the last stages of fruit body maturation 
in S. commune. An antiserum against the hydrophilic SC7 localized this protein within 
the mucilaginous matrix, which binds hyphae together (Shuren et al., 1993; 
Asgeirsdottir et al, 1995). 
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1.4 Prospectus 
L. edodes is a commercially important mushroom, understanding the 
developmental mechanisms could help mushroom farmers to control fruit body 
initiation and synchronize the fruiting process, which greatly reduces the cost and time 
spend on harvesting; also, by governing the rate of mushroom maturation, the 
mushroom producers can control cropping as well as the shelf life of the mushrooms. 
Moreover, with the aid of transgenic techniques, Shiitake mushrooms could be 
genetically engineered to possess supreme qualities. 
Despite the many efforts done on mushroom research, the answer of how 
fruiting initiates and develops is still very fragmentary. Although the advancement of 
molecular biology has contributed much to the developmental studies of mushroom in 
recent years, they have been hampered by the poorly defined genetics of the 
mushroom, the lack of morphological mutants and fruiting genes from other 
basidiomycetes. 
Many research groups have employed methods like differential library 
screening and subtractive hybridization to identify and isolate developmental genes of 
mushrooms. However, due to the low sensitivity of these techniques, most of the 
isolated genes encoded for abundant structural elements like hydrophobins, laccase 
and lectin that are all claimed to have functions for hyphal aggregation. This trend 
seriously narrows our view on the overall mechanisms of mushroom development, 
and therefore a more sensitive and efficient gene isolation technique is needed in order 
to obtain more molecular information in a broader sense. 
In this project, four developmental stages that cover most of the L edodes life 
cycle - mycelium, primordium, young fruit body, and mature fruit body - will be 
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studied in the hope of obtaining genes that are important for the initiation, 
differentiation and maturation of the mushroom. The method RNA arbitrarily primed 
polymerase chain reaction (RAP-PCR; Welsh et al., 1992) will be used for the 
identification and isolation of differentially expressed genes during the development 
of L edodes. With the aid of this sensitive and semi-quantitative gene screening 
method and the advances of automated DNA sequencing techniques, together with 
rapid growth of sequence information from the databanks, questions like "what kind 
of genes are important for fruiting initiation and mushroom development" could be 
readily revealed. Moreover, developmental genes with interesting piitative functions, 
such as transcriptional factors, will be selected for functional assays with yeast 
complementation tests. This is an alternative for studying and verifying the in vivo 
function of the isolated genes, as transformation systems have not been developed for 
the Shiitake mushroom; and these tests will be done as the first step to study the 
protein level of the isolated developmental genes, hoping this will bring more in-depth 
information on the mechanisms of Shiitake mushroom development. 
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Chapter Two Isolation of Genes Differentially Expressed During 
the Development of Lentinula edodes by RAP-PCR 
2.1 Introduction 
Traditionally, differential screening (Weeks et al., 1985; Mason et al., 1986) 
and subtractive hybridization (Matther et al, 1981; Hedrick et al., 1984) were the two 
most common methods for studying differential gene expression during development. 
However, both methods require large amount of RNA (100-500j_ig) to produce high 
quality, representative cDNA libraries. The screening steps are laborious and 
technically demanding and it takes months to isolate and check the clones. The yield 
is low and it is difficult to isolate rare transcripts. Due to these draw-backs, PCR-
based methods like RNA arbitrarily-primed polymerase chain reaction (RAP-PCR; 
Welsh et al., 1992) and differential display (Liang and Pardee, 1992) have been 
employed in recent years for the studies of differential gene expressions. 
RAP-PCR and differential display are two very similar methods, both involve 
the generation of semi-quantitative RNA fingerprints that allow multiple samples to 
be analyzed simultaneously. These methods have been used in a wide variety of 
research areas including mouse embryogenesis (Zimmermann and Schultz, 1994)， 
isolation of a tumor-suppressor gene (Wu et al., 1995), differential gene expression in 
chronic cardiac rejection (Utans et al., 1994)，growth factor stimulation and inhibition 
(Ralph et al., 1993), and neurology (Livesey and Hunt, 1996). These methods have 
also been applied to organisms like Solanum melongena L. (eggplant) (Momiyama et 
a/., 1995), Trypanosoma (Murphy and Pelle, 1994), Plasmodium (Thelu et al, 1994) 
and Salmonella typhimurium (Wong and McClelland, 1994). 
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Fig. 2.1. Outline of RNA arbitrarily-primed polymerase chain reaction (RAP-PCR) 
(Welsh etal., 1992) 
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Generation of an RNA fingerprint by RAP-PCR involves four steps (Fig. 2.1). 
First, an arbitrarily selected primer initiates first-strand cDNA synthesis at 37°C 
during reverse transcription. Then, second-strand synthesis proceeds either with the 
same primer (single priming) or a different primer (pairwise or double priming) in a 
single round of low-stringency PCR, that is, with annealing temperature at 35°C. Low 
annealing temperature allows mismatches between the primers and the cDNA, which 
consequently establishes multiple priming sites on the template. Thirty cycles of PCR 
at high stringency are then used to amplify the sequences with both ends flanked with 
the arbitrary primers. Finally, the resulting PCR products are resolved by 
electrophoresis on an agarose gel or a polyacrylamide gel for analysis and isolation of 
the differential genes. 
The key of RAP-PCR is based on the fact that arbitrary priming is sequence 
dependent, so if the reaction is performed on samples derived from isogenic cells that 
have been subjected to experimental treatments or under different developmental 
stages, differences in gene expression among the samples can be detected because in 
each tube, almost exactly the same priming events and the number of PCR doubling 
occur. As a result, any differences in the initial concentrations of cDNA products are 
preserved as a ratio of intensities in the final fingerprint. 
Differential display is based on a similar principle, but the primer for first-
strand cDNA synthesis is an oligo(dT) primer with an ‘anchor，of two bases at the 5， 
end [e.g., oligo 5 ' - (dTn)CA-3 ' ] . Priming occurs at the 5，end of the poly(A) tail of 
mRNAs, and 12 combinations of the 2-base anchor on the primer can theoretically 
represent all the mRNA species of the sample. An arbitrarily chosen 10-mer is used 
for the second-strand cDNA synthesis. The idea for this priming strategy is to cover 
all differentially expressed genes in the study, i-onically, there are drawbacks because 
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of this priming method. First, the technique is limited in amplifying regions 100-500 
bases upstream of the poly(A) tract of mRNAs, depending on the ability of the reverse 
transcriptase during first-strand cDNA syntheses. Second, because of the use of 
oligo(dT) and 10-mers as primers, which both have very low melting temperatures, 
reamplification of the isolated differential fragments will be very difficult since high-
stringency PCR conditions are not possible, which seriously hinders the downstream 
analysis of the product. Due to the above speculations, RAP-PCR instead of 
differential display is chosen for my study. 
RAP-PCR provides a simple and convenient method to study differential gene 
expression, especially for those biological systems that are not previously well studied 
- l i k e L edodes. For the isolation of differentially expressed genes, RAP-PCR does 
not require sequence information or cDNA libraries of the organism, only arbitrarily 
chosen primers that originally served for other purposes in the laboratory are needed. 
As a highly-sensitive PCR-based technique, RAP-PCR requires only nanogram-levels 
of RNA as template in each reaction, which provides great convenience in studying 
precious samples and small tissues (e.g., the primordium of the mushroom, each with 
size not more than 6 mm in diameter). In addition, rare transcripts can be more readily 
identified even without enrichment as in subtractive hybridization. RAP-PCR allows 
simultaneous comparison of RNA fingerprints from the four developmental stages on 
a single gel. Also, as it is easy and fast to do, large number of differentially expressed 
genes can be isolated quickly in a relatively short period. 
'Reverse dot-blot hybridization' was described by Mou et aL (1994) as a 
strategy to screen false-positives from a large number of isolated RAP-fragments. The 
principle is to dot-blot reamplified RAP-fragments in equal amounts onto membranes 
in several identical copies. Each copy is then hybridized with cDNA probes generated 
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from samples being compared. Since the same DNA fragments on each membrane is 
identical in amount and in excess to the same transcript in the probes, any difference 
in hybridization signal of the same dot on different copies of membranes should 
reflect the relative amount of that transcript in the original RNA samples. This 
‘reversed’ strategy allows us to check numerous RAP-fragments at a time without 
using copious amounts of RNA. 
RAP-fragments with verified differential expression patterns will be cloned 
and sequenced. Combined with the advancements of automated sequencing and the 
increasing information in Genbank, the putative biochemical functions of the isolated 
RAP-fragments can be revealed and provide insights into molecular mechanisms that 
are involved in the development of L edodes. 
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2.2 Materials and Methods 
2.2.1 Strains and culture conditions 
Lentinula edodes strain L54 was used in this project. Four developmental 
stages of the mushroom were studied: mycelium, primordium, young fruit body and 
mature fruit body. 
Mycelial homogenate was inoculated in PDB (24g/l potato dextrose broth) and 
incubated at 26°C in the dark for about a month, then the mycelium was harvested 
with a piece of gauze to drain away the liquid medium. Primordia, young and mature 
fmiting bodies were harvested from sawdust compost (80% dry weight of sawdust, 
20% dry weight of wheat bran, 60% moisture). Each 600g-bag of sterile sawdust 
compost was inoculated with a sector of 1-week-oId mycelium grown on PDA (39g/l 
potato dextrose agar). The bag was incubated at 25°C in the dark for at least 2 months 
.* 
until the substrate was colonized with the mycelium. The plastic bag was removed, 
and then the compost was soaked in 4 � C water overnight to induce fmiting. The 
compost was kept in a moist and cool (approx. 20�C) room with some light for 
fruiting, which started about 1 month later. 
Primordia (3-6mm in diameter), young fruit bodies (with closed cap), and 
mature fruit bodies (cap completely opened) were cut out from the compost and 
immediately frozen in liquid nitrogen. Samples were stored in - 7 0 � C until use. 
2.2.2 Isolation of total RNAs 
Total RNAs from the four developmental stages were isolated by the SDS-
phenol extraction procedure (Sokolovsky et al, 1990). The sample was pulverized in 
a frozen mortar with liquid nitrogen, then the powder was transferred into eppendorf 
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tubes with 0.5ml lysis buffer (0.6 M NaCl, 10 mM EDTA, 100 mM Tris-HCL, pH 
8.0’ 4% SDS) and 0.5ml phenol (saturated with O.lM Tris-HCL, pH 8.0). The mixture 
was shaken for 15-20 min and then centrifuged at 13,000 rpm for 10 min. The upper 
phase was extracted once with phenol, and 0.75 volume of 8M LiCl was added before 
storing at 4 � C overnight. A pellet was formed by centrifuging at 13,000 rpm for 20 
min. The pellet was resuspended in 0.3ml DEPC-treated water, mixed with 0.03ml of 
3 M NaOAc (pH 5.2) and 0.75ml ethanol, then stored at -20°C for 2 hours. After 
centrifugation at 13,000 rpm for 20 min, the pellet was washed with 70% ethanol, 
dried in a SpeedVac (Savant), and redissolved in DEPC-treated water.' 
Purity and the concentrations of the RNA preparations were assayed by 
spectrophotometric measurements (OD260 and OD280) and the RNA was treated with 
DNase I. Then, 50^ig RNA, 100U RNasin (Promega), lO^il 10x DNase buffer 
(200mM Tris-HCl [pH 8.3], 500mM KC1, 25mM MgCl2) and 10U DNase I 
(GibcoBRL) were added into an eppendorf tube. DEPC-treated water was added to 
lOOpi. After incubation at 37°C for 30 min, DNase I was inactivated by adding lOp,l 
of 20mM EDTA and heating at 65°C for 10 min. Following phenol : chloroform : 
isoamyl alcohol (25:24:1) extraction in equal volume once and chloroform : isoamyl 
alcohol (24:1) extraction once, RNA was recovered from the aqueous phase by 2.5 
volume ice cold ethanol precipitation in the presence of 0.1 volume 3M sodium 
acetate (pH 5.2) at -20°C overnight. The sample was then centrifuged at 13,000 rpm 
for 20 min. The pellet was washed with 70% ethanol three times and resuspended into 
an appropriate volume of DEPC-treated water. The integrity of the RNA preparations 
was inspected with 1% agarose gel electrophoresis in IX TBE (89mM Tris, 89mM 
boric acid and 2mM EDTA). . 
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2.2.3 RNA fingerprinting by RAP-PCR 
RNA arbitrarity primed polymerase chain reaction (RAP-PCR) was performed 
essentially as described by Welsh et al., (1992). For each reaction, lO^il of RNA (20 
ng/^il) was incubated at 6 5 � C for 10 min and then put on ice. Then 10 p,l of 2X first 
strand cDNA buffer that contained 4\x\ 5X reverse transcriptase buffer (250mM Tris-
HC1, pH 8.3’ 375mM KC1, 15mM MgCl2), 20mM DTT, 0.2mM each of dNTP, l^iM 
primer, 20U RNasin and 200U SuperScript™ H RNase H' RT (GibcoBRL) were 
added into the RNA and mixed. First strand cDNA was synthesized at 37°C for 1 
hour, then the reaction mixture was heated to 70°C for 15 min to inactivate the reverse 
transcriptase. For the subsequent AP-PCR, 20 [i\ of reaction mixture containing 4^1 of 
10x PCR buffer, 4mM MgCl2, 0.2mM each of dNTP, l^iM of the same arbitrarily 
chosen primer(s) and 2U of Taq DNA polymerase (Perkin-Elmer Cetus) were added 
to 20M-1 first strand cDNA. The thermal cycling parameters were as follows: 1 low 
stringency cycle ( 9 4 � C for 5 min, 3 5 � C for 5 min, 7 2 � C for 5 min) and then 39 high 
stringency cycles ( 9 4 � C for 1 min, 5 5 � C for 1 min, and 7 2 � C for 2 min). Ten \i\ of 
RAP-PCR products from each of the four developmental stages were loaded on a 3% 
Metaphor™ agarose gel and run at 5V/cm. The gel was stained with ethidium 
bromide and the RNA fingerprint was visualized under UV illumination. 
2.2.4 PCR reamplification of RAP products 
Stage specific bands were cut f rom the gel using a razor blade, and the DNA 
was purified by adsorption to silica gel particles using the QL\EX™ kit (Qiagen) and 
eluted in 20p,l of TE buffer. A 2\i\ aliquot was used as PCR template, and amplified in 
50pJ using the "hot-start" method with the same primer(s) that generated the original 
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RNA fingerprint. The size of the reamplified PCR product was checked against the 
RNA fingerprint or with an appropriate molecular maker. 
Hot-start PCR was performed as follows: Master mix 1: Total 20|ii, containing 
2^1 template, 2p,l 40^M primer (or in double-primer RAP-PCR, lp,l of each 40p,M 
primers), 16p,l double distilled water. Master mix 2: Total 30p,l, IX Pfu reaction 
buffer (20mM Tris-HCl [pH 8.8], lOmM KC1, lOmM (NH4)2SO4, 2mM MgSO4, 0.1% 
Triton® X-100，O.lmg/ml nuclease-free BSA), l |il of dNTPs mix (each lOmM), 1^1 of 
Pfu DNA polymerase (5UZp.!), and 23^il double distilled water. Master mix 1 was 
added to a 0.2ml PCR tube and then 8^ U liquid wax was added. The tube was placed 
on ice, and master mix 2 was added on the solidified wax. After the temperature of the 
thermal cycler's heating block had reached 80°C, the tube was quickly placed on it 
and touch-down PCR reaction was carried out. The reaction was first incubated at 
80°C for 2 min, then 15 "touch-down" cycles were followed: 94°C for 30 sec, 65°C 
for 30 sec, 7 2 � C for 1 min, with the annealing temperature decreased by l°C for every 
cycle. The reaction was carried out for 25 more cycles with the profile: 9 4 � C for 30 
sec, 50°C for 30 sec, 72°C for 1 min. The PCR was finished with a 10 min incubation 
at 7 2 � C Five yd of the PCR product was electrophoresed on a 2% agarose gel in IX 
TBE for analysis. 
2.2.5 Reverse dot-blot analysis 
2.2.5.1 Membrane preparation 
The dot-blot apparatus (Bio-Rad) was cleaned with double distilled water and 
ethanol to remove any oil, then the positively charged nylon membrane (Hybond N+, 
Amersham) was fixed on the dot-blot apparatus and pre-wetted by dotting 400^il 
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double distilled water. RAP-fragments were PCR amplified in a reaction volume of 
lOO^ii as described in 2.2.4. A 15^1 portion of the PCR product was added to the 
denaturing solution containing 165p,l ddH2O and 20pJ of freshly prepared 2M NaOH 
and allowed standing for 15 min. After denaturation, all solution was dotted and 400.ul 
20x SSC (3M NaCl, 0.3M sodium citrate) was dotted to neutralize the NaOH. The 
membrane was then air-dried and covered with filter paper and baked at 120°C in an 
oven for 30 min to fix the ssDNA on the membrane. Four identical membranes were 
prepared. 
2.2.5.2 Probe preparation 
Four p-1 of total RNA from each of the developmental stages were reverse 
transcribed to cDNA before being labelled as probes. For each reaction, four p,g of 
total RNA and 1^1 of oligo-dT15 (500 ^ig/ml) were added to a final volume of llp,l 
with DEPC-treated water. The mixture was heated to 70°C for 10 min and then 
immediately placed on ice. The following components for reverse transcription were 
added into the mixture: 4^il 5x First strand buffer (250mM Tris-HCL [pH 8.3], 
375mM KC1, 15mM MgCl2), l | il lOmM dNTP mix, 2\i\ O.lM DTT, and l^il RNasin 
(Promega, 40U/^il). The mixture was prewarmed to 42�C，then \\Ji\ of SuperScript™ E 
RT (200U/^il, GibcoBRL) was gently mixed into it. The reaction was incubated at 
42°C for 50 min. After first strand cDNA synthesis, the reaction was then heated at 
70°C for 15 min to inactivate the reverse transcriptase. To remove excess primers, 
free nucleotides and other impurities from the cDNA, the reaction was extracted with 
equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) and chloroform: 
isoamyl alcohol (24:1) once each. Then, 2' volume of 100% ethanol and 1/10 volume 
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of 3M NaOAc (pH 5.2) were added to the supernatant for DNA precipitation 
overnight at -20°C. The cDNA was pelleted by centrifugation at 13,000 rpm for 20 
min at 4 � C , washed with 1ml 70% ethanol, dried under vacuum and dissolved in 28 p,l 
double distilled water. 
Megaprime™ DNA labelling systems (Amersham) was used to label the 
probes. Five i^l of random nonamer primers was added to 28|J,1 of cDNA (25-50ng) 
and heated at 95°C for 5 min, the mixture was then allowed to cool to room 
temperature. Ten i^l of labelling buffer [dATP, dGTP, dTTP in Tris-HCl (pH 7.5), 2-
mercaptoethanol and MgCl2], 2fxl DNA polymerase I Klenow fragment (lU/p.!), and 
5[L\ [a-32p]dCTP (3000 Ci/mmol) were added, mixed gently, spun briefly and 
incubated at 37°C for 1 hour. The reaction was stopped by adding 5^il 0.2M EDTA. 
Nick column (Pharmacia) was used to purify probes from unincorporated 
nucleotides. The column was equilibrated with approximately 3 ml of TE before 
adding the labelled probe. The first addition of 400p,l TE was used to wash the 
column, whereas the purified sample was eluted with another 400p,l of TE. The 
collected probe was denatured at 95°C for 5 min before adding into the hybridization 
buffer. 
2.2.5.3 Hybridization 
The hybridization buffer was prepared with final concentrations of 5x SSC 
(0.75M NaCl, 0.075M sodium citrate), 5x Denhardt [0.1% BSA, 0.1% Ficoll™, 2% 
PVP], 1% SDS and 100 ^-g/ml heat denatured salmon sperm DNA. The membranes 
prepared in 2.2.5.1 were put into separate hybridization bottles and prehybridized with 
^ lOcm"/ml of hybridization buffer at 60°C for 6 hours, then the pre-hybridization 
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solution was discarded and same volume of fresh hybridization buffer was added to 
each tube. The labelled probes were denatured by heating at 95°C for 5 min and added 
to the buffer after equilibration to 60�C. The tubes were incubated at 60°C for about 
16 hours with continuous rotation. 
2.2.5.4 Stringency washes and autoradiography 
After hybridization, the radioactive hybridization buffer was discarded. The 
membranes were rinsed twice with 2x SSC + 0.1 % SDS at room temperature. Then, 
l x SSC + 0.1% SDS and O.lx SSC + 0.1% SDS were used to wash the membranes 
once each at 60°C for 20 min. The membranes were wrapped in plastic wraps and 
transferred to a film cassette for autoradiography. A sheet of X-ray film (X-OMAT™, 
Kodak) was placed on the membranes and exposed overnight at -70�C. The film was 
developed according to the manufacturer's instructions. Different exposure times were 
tested, and the signal was quantified with a densitometer (Bio-Rad). 
2.2.6 Cloning and sequencing of differentially expressed genes 
2.2.6.1 Ligation of inserts into pCR-Script vector 
The pCR-Script™ Amp SK (+) cloning kit (Stratagene) was used to clone 
RAP-PCR products. Figure 2.2 shows the map of the pCR-Script™ Amp SK (+) 
cloning vector. All reaction components were supplied by the kit unless otherwise 
specified. 
PCR product was ligated into Srfl site of the vector as follows: lfil pCR-script 
cloning vector (lOng/^1), lpi PCR-script 10x reaction buffer, 0.5^1 lOmM rATP, 4\i\ 
PCR product, \[i\ Srfl restriction enzyme (5U/^il), 1^ .1 T4 DNA ligase, and 1.5^1 
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double distilled water were added in order into an eppendorf tube to a final volume of 
lOpi. The reaction mixture was gently mixed and incubated for 1-2 hours at room 
temperature, then heated at 65°C for 10 min and stored on ice. 
2.2.6.2 Transformation 
The Epicurian Coli XLl-Blue MRF' Kan supercompetent cells (Stratagene) 
were thawed on ice and gently mixed by tapping the tube. Forty j_U of cells was 
aliquoted into a prechilled Falcon 2063 polypropylene tube and 0.7ml of the p-
mercaptoethanol was added to yield a final concentration of 25mM. The mixture was 
swirled gently and placed on ice for 10 min while swirled gently every 2 min. Two [i\ 
of the ligation mix from 2.2.4.2 was added to the cells and swirled gently, then placed 
on ice for 30 min, followed by a heat pulse in a 42°C water bath for 45 seconds. After 
heat pulse, the transformation mixture was placed back on ice for 2 min. 0.45ml of 
4 2 � C SOC medium (2% tryptone, 0.5% yeast extract, lOmM NaCl, 2.5mM KC1, 
lOmM MgCl2, lOmM MgSO4, 20mM glucose) was added and the cells were 
incubated at 3 7 � C for 1 hour with shaking at 225-250 rpm. The transformation 
mixture was plated on LB-ampicillin agar plates containing 100 p,g/ml of ampicillin, 
40mg/ml X-gal and 40mg/ml EPTG. Following by ovemight incubation at 37�C, white 
colonies were identified as cells carrying recombinant plasmids with inserts. 
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Fig. 2.2 Map of the pCR-Script™ Amp SK (+) cloning vector (Stratagene) 
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2.2.6.3 PCR screening of white colonies 
PCR screening of white colonies was performed to confirm the presence of the 
correct insert by using T3 and T7 primers that flank the Srfl cloning site of the vector. 
In a PCR tube, l x Reaction buffer (50mM Tris-HCl [pH 9.0], 20mM ammonium 
sulphate, Epicentre Technologies), 2.5mM MgCh , 0.8mM of each dNTP, 0.4^iM T3 
primer (5，AATTAACCCTCACTAAAGGG 3’)， 0 . 4 _ T7 primer (5， 
GTAATACGACTCACTATAGGGC 3，）’ 0.2U Tfl DNA polymerase (Epicentre 
Technologies), and double distilled water were added to a final volume of 20^il. The 
reaction was set on ice and then cells from one white colony was picked and mixed 
into the mixture with a sterilized toothpick. After boiling at 94°C for 5 min, the 
reactions were cycled through 30 cycles of the following temperature profile: 94°C for 
30 sec, 55°c for 30 sec and 72°C for 1 min. After a final incubation at 72°C for 10 
min, the PCR product was resolved by l.5% agarose gel electrophoresis in IX TBE. 
2.2.6.4 Extraction of plasmid DNA 
Plasmid DNA was extracted by Wizard™ Plus Minipreps DNA purification 
systems (Promega). Three ml LB containing lOO^ig/ml ampicillin was inoculated with 
a single colony. The culture was grown overnight with vigorous shaking at 37°C. The 
cells were pelleted by centrifugation and resuspended in 200jj.! of Cell Resuspension 
Solution. After that, 200p,l Cell Lysis Solution was added and mixed by gently 
inverting the tube several times and until the suspension became clear. Finally, 200p,l 
of Neutralization Solution was added and mixed, then the mixture was centrifuged for 
5 min at 10,000 x g. One ml of the Wizard™ Minipreps DNA Purification Resin was 
pipeted into each barrel of the Minicolumn/Syringe assembly. The supernatant of the 
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above centrifuged mixture was transferred into the syringe. Vacuum was applied until 
the entire sample had completely passed through the column. Two ml Column Wash 
Solution was pipetted into the syringe and vacuum was reapplied until 30 sec after the 
solution was drawn through the column. The Minicolumn was then transferred to a 
1.5 ml tube and spun at 10,000 x g for 2 min to remove any residual wash solution. 
Fifty jj,l double distilled water was added to the Minicolumn after being transferred to 
a new tube and allowed to stand for 1 min, then the Minicolumn was spun at 10,000 x 
g for 20 sec to elute the DNA. The quantity of the plasmid DNA was measured by UV 
spectrophotometry at 260nm and 280nm. 
2.2.6.5 DNA cycle sequencing 
The ABI PRISM™ Dye Terminator Cycle Sequencing Ready Reaction Kit 
with AmpliTaq® DNA Polymerase, FS (Perkin Elmer) was used for the sequencing 
reactions. In a 0.2ml PCR tube, 0.3-0.5n,g of double-stranded plasmid DNA, 8|il of 
Terminator Ready Reaction Mix (A-Dye Terminator, C-Dye Terminator, G-Dye 
Terminator, T-Dye Terminator, dFTP, dATP, dCTP, dTTP, Tris-HCl [pH 9.0], MgCU, 
thermal stable pyrophosphatase, A m p l i l a ^ DNA Polymerase, FS), 3.2 pmoles of 
primer, and double distilled water were added to a final volume of 20p.l and mixed. 
The cycle sequencing reaction was performed on the GeneAmp PCR System 2400 
(Perkin Elmer), and thermal cycling was carried out for 25 cycles as followed: 9 6 � C 
for 10 sec, 5 0 � C for 5 sec, 60°C for 4 min. The reaction product was transferred to a 
microcentrifuge tube and then purified by ethanol precipitation. Half volume of 7.5M 
ammonium acetate and 2 volumes of 95% ethanol were mixed with the reaction 
product. The mixture was then centrifuged at 14,000rpm for 30 min at 4°C. The 
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supernatant was removed completely, and the pellet was washed with 250^.1 of 70% 
ethanol. The pellet was dried by SpeedVac and resuspended in 25p,l of Template 
Suppression Reagent (Perkin Elmer). The sample was denatured at 9 5 � C for 2 min, 
and the tube was chilled on ice immediately. The contents were collected by brief 
centrifugation, and the sample was transferred to a 0.5ml Genetic Analyser Sample 
Tube (Perkin Elmer) before loading. To resolve the cycle sequencing product, 
capillary electrophoresis was performed by ABI PRISM 310 in IX Genetic Anlysis 
Buffer (Perkin Elmer). The sample was injected at 2.4kV for 30 sec, and the 
electrophoresis was run at 7.5kV at 42°C for 140 min. Raw data of the sequencing 
reaction were collected by ABI PRISM 310 Genetic Analyzer Data Collection 
software, then analyzed by ABI PRISM 310 Genetic Analyzer Sequencing Analysis 
software to obtain the processed sequence information. 
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2.3 Results 
2.3.1 Total RNA isolation 
In this study, samples were taken from the four developmental stages of L. 
edodes L54, namely, mycelium, primordium, young fruit body, and mature fruit body. 
L edodes was grown on sawdust compost (Fig. 2.3). It took about two months of 
incubation at 25°C in the dark for mycelium to colonize the whole compost. After 
fruiting induction by ‘cold shock', primordia began to appear on the compost in 15-30 
days and those of size from 3 to 6 mm were harvested. The primordia expanded 
rapidly after emerging from the compost; they could grow into young fruit bodies 
overnight. Young fruit bodies were defined in this study as with partially elongated 
stipes and with closed caps. It took another one to two days for the mushrooms to 
mature. Mature fruit bodies have widely opened caps with gills visible and spores 
being dispersed, and also completely elongated stipes. 
Except mycelium, samples from all the other three stages were taken from the 
compost directly. Mycelial samples for RNA extraction were harvested from liquid 
culture (PDB) as described in 2.2.1’ since it is difficult to separate the mycelium from 
the sawdust compost, and the contaminating solid substrate may affect the quality of 
RNA isolated. 
Total RNAs from the four developmental stages were isolated by phenol 
extraction and lithium chloride precipitation (Sokolovsky et al., 1990), and the quality 
and integrity of the RNA samples were examined by 1% agarose gel electorphoresis in 
IX TBE buffer (Fig. 2.4a). Sharp 28S and 18S ribosomal RNA (rRNA) bands and 
minimum smearing of the RNA samples along the lanes demonstrated that RNAs 
obtained by this method were not degraded and could be used for further 
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manipulations. However, the RNA samples were contaminated with genomic DNA, 
especially in mycelial and primordial stages. The problem was solved by DNaseI 
digestion and Fig. 2.4b showed RNA samples that were free from contaminating 
DNA. 
The yield of mycelial RNA was lower than that of the other three stages, 
probably because of the higher water content of the mycelium. The absorbance ratio 
(OD260/OD280) of RNA samples varied from 1.5-1.8, but after DNaseI treatment, 
RNAs from all of the four developmental stages have a ratio of about 1.5. 
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Fig. 2.3. Samples from the four developmental stages of L edodes. (a) A sawdust 
compost colonized with L edodes mycelium; (b) Primordia (3-6 mm in diameter) 
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Fig. 2.4. Total RNA isolated from the four developmental stages (a)Electrophoresis 
of RNA isolated from the four developmental stages on 1% agarose gels in IX 
TBE. M, mycelium; P, primordium; YF, young fruiting body; MF, mature fruiting 
body. Arrowheads indicate 28S and 18S rRNA bands. Note the genomic DNA 
contamination in mycelium and primordium RNA. (b) Mycelium and primordium 
RNAs after DNaseI digestion and ethanol precipitation. 
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2.3.2 RNA fingerprints 
Twenty two fingerprints of RNAs from the four developmental stages of L. 
edodes were generated by RAP-PCR using 17 arbitrarily chosen primers. 
Differentially expressed RAP-products were found in 11 of the RNA fingerprints, and 
they are shown in Fig. 2.5-2.6. Forty RAP-products were excised and reamplified 
successfully, and the sequences of the 9 primers that were used in the production of 
these 40 bands are listed in Table 2.1. Fourteen of them are mycelium specific bands, 
another 14 are primordium specific, 3 are young fruit body specific and 5 are mature 
fruiting body specific. 
Arbitrarily chosen primers were used singly or pairwise to generate the RNA 
fingerprints. Each primer combinations produced a unique RAP-PCR pattem. The 
majority of the RAP-fragments in a fingerprint were common in size and intensity for 
all developmental stages, only a few of them were differentially expressed therefore 
became stage specific. Number of bands observed in each fingerprint varied from 10 
to more than 40，which was primer dependent, la general, RAP products generated by 
using two primers were smaller in size than those generated by a single primer, and 
more bands were observed in pairwise priming. The differences, however, were not 
significant and the number of differentially expressed RAP fragments isolated from 
both protocols was similar. 
In fingerprints generated with primers ARCAUP1 and ARCAUP2, the effect 
of template concentration on the reproducibility of the RNA fingerprints was 
examined by using different amount of first strand cDNA that from the same reverse 
transcription reaction as the template for the subsequent AP-PCR steps. RAP profiles 
generated by different concentrations of first strand cDNA were run side by side on an 
agarose gel, and it showed fingerprints with totally different patterns (Fig. 2.6). 
4 8 
Table 2.1. Nucleotide sequence of the nine arbitrarily chosen primers that had 
involved in the production of the forty differentially expressed RAP-products 
D e l - C - 2 3 5‘GTAAAACGACGGCCAGTGCCAAG 3‘ 23 mer 
LERASUP1 5‘ GGCAAGTCACAGAACCTCATC 3‘ 21 mer 
LERASLP1 5‘ TATTTAGGCGAGCGGTTCAGA 3‘ 2 1 mer 
LEPRIAUP1 5 ' CTACCCCCAACAAAGGAAATG 3‘ 2 1 mer 
LEPRIALP1 5‘ ACACTACGAAACAAGAATCAG 3‘ 2 1 mer 
LEPRIBLP1 5‘ GCGATCATGGATGAAAAGAACA 3‘ 22 mer 
ARCAUP1 5‘ CCTGTTCTTTGGATTCATCACATTTA 3‘ 26 mer 
ARCAUP2 5‘ TATGTCAACGAAGCGTAGTTTTAT 3‘ 24 mer 
ARCAUSP4 5‘ ATGCTGCAAATTAACATGATCGGCGTAACA 3‘ 30 mer 
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八 M P YF MF 1 M P YF MF 
B l l i l H H ^ ^ ^ ^ ^ H 
_ " ^ ^ ^ ^ ^ ^ | 8 0 0 - ^ ^ ^ ^ ^ ^ | ^ 
bp ^ ^ ^ ^ ^ ^ ^ ^ 9 bp ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
• • 
LEPRIALP1 LEPRIAUP1 & 
LEPRIBLP1 
Fig. 2.5. (a-i) RNA fingerprints of L. edodes. Total RNA from the four 
developmental stages of Lentinula edodes were fingerprinted by RAP-PCR with the 
primer(s) shown below each of the photos and the protocol described in section 
2.2.3 with 200ng of template per reaction. The RAP products were resolved on a 
3% Metaphor™ agarose gel, ethidium bromide stained and visualized by UV 
illumination. Lane M, mycelium; lane P, primordium; lane YF, young fruiting 
body; lane MF, mature fruit body. Size markers are the lOObp-ladder. Arrowheads 
indicate the isolated RAP-products . 
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LEPRIAUP1 ARCAUSP4 Fig. 2.5. (cont'd) 
51 
^ ^ 
M P YF MF M P YF MF 
• 
8 0 0 b p _ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
I I ^ ^ H [ j j j ^ ^ ^ ^ ^ H ARCAUP1 
V o l . of io^i l 2^U 1st cDNA: ^ ^ 
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8QQbp, J M | M | ^ ^ ^ ^ ^ M 
〜 , 1 , B H H H H H H I A R C A U P 2 
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Fig. 2.6. (a-b) RNA fingerprints generated by different concentration of first strand 
cDNA were run side by side to examine the effect of template concentration in the 
reproducibilty of the RNA fingerprints. lO^il o f c D N A was comparable to 100ng of 
reverse transcribed total RNA, 2^il to 20ng, and 0.5^1 to 5ng. Arrowheads indicate 
the isolated RAP-products . 
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2.3.3 Dot blot analysis 
Dot blot hybridization served as a secondary screening method to verify the 
reamplified RAP-products for differential expression and to eliminate false positives. 
The 40 differential bands were named according to the system described in Table 2.2. 
Li order to yield sufficient DNA to make 4 membranes, the isolated RAP fragments 
were first reamplified with the same primer(s) that generated the original RNA 
fingerprints using ‘hot-start’ PCR (Fig. 2.7). 
The control (AulOOOA [5H]) for dot blot hybridization was a strong RAP-
product which has the same band intensity in all of the 4 developmental stages (Fig. 
2.5h), indicating that the representing mRNA could be a constantly expressed 
abundant gene. A RT-PCR with cycle titration was done to exclude the possibility that 
the same band intensity among the 4 stages was caused by saturation effect of PCR 
amplification (Fig. 2.8). 
The reamplified PCR products were applied on nylon membranes in an 8 x 5 
array, and the four membranes were hybridized with their corresponding stage cDNA 
probes. Fig. 2.9 shows the hybridization signals of the four developmental stages after 
autoradiography, and Table 2.2 illustrates the identity of the reamplified RAP-
products in related to their location on the membrane. 
The hybridization signals were quantified by a densitometer, then 
hybridization artifacts were normalized with the control (at the lower-right comer of 
each membrane). Normalization was done by dividing the reading of each dot by the 
reading of the control on the same membrane, so that the normalized readings on 
different membranes can be used for comparison. Comparison among the four 
developmental stages with their ratio to mycelium allows us to tell the expression 
level of the RAP-PCR product in terms of fold-difference. (Table 2.3) 
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Table 2.2. Identity of the forty reamplified RAP-products on the membrane 
1 I 2 I 3 I 4 ； 5 
A Dc600M M40QP |BlRul8QP| UpT700M UspW280Y 
B D^OM^ BlAu38QP jBlRu350Fj UpI9QQP ： UpET770M 
飞 Dc350M^ BlAu65QP BlRul6QF| UpK4QP ： Upn4QQM 
D Au4Q0P BlAu290MP BlRu280AiUsprv^50Mi UpM60F 
E Au700Y BlAul8QPYF RlRu210P|UspT/58QM| UpH750P 
F Au500F jBlAul70PYF RlRul9Qp|usprV530M UpD700P 
G Au450P BlRu250M Up][920M|UsprV45QM Upn66QP 
H[Au40QY' BlRu340F ^_^840M|UspW410M| AulOQ^ 
Note: AulOOOA at position 5H was the control. 
Keys: 
e.g. Dc600M: Dc = Del-C-23, the primer used in the RAP-PCR 
600, estimated size (bp) of the product 
M, the band is mycelium specific Primers Stages 
Del-C-23 Dc Mycelium M 
LE.RASUP1 Ru Primordium P 
LE.RASLP1 Rl Young fruiting body Y 
LEPRIAUP1 Au Mature fruiting body F 
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• 
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• 
Fig. 2.7. Examples of reamplified RAP products by ‘hot-start’ PCR. Lane M, 
100bp ladder; lane 1，BlAu290MP; lane 2，BlAul80PYF; lane 3, BlAul70PYF; 
lane 4’ BlAu380P; lane 5’ BlAu650P. 5^il of each PCR products were loaded. 
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cycle no.: 22 25 28 32 
Fig. 2.8. Cycle titration of the RNA fingerprint that generates the control 
fragment, AulOOOA. Five microlitres of first strand cDNAs used to generated 
the original RNA fingerprint were employed as the template. For the subsequent 
AP-PCR, 45M-1 of reaction mixture containing 5^il of 10x PCR buffer, 5 mM 
MgCl2, 5 mM of dNTPs, 25 ^iM of the same arbitrarily chosen primer(s) and 
2.5U of Taq polymerase was added to the 5 pd cDNA template to make the 
reaction volume to 50 ^1. The thermal cycling parameters were as follows: 1 low 
stringency cycle; 9 4 � C (5 min), 35«C (5 min), 7 2 � C (5 min), then 39 high 
stringency PCR cycles; 9 4 � C (1 min), 55°C (1 min) and 72°C (2 min). Nine 
microlitres of samples of the four stages were collected at the end of cycle 22, 
25，28 and 31. The collected samples were run on a 2% agarose gel. Arrowhead 
indicates the control fragment, AulOOOA. Size markers are the lOObp-ladder 
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Mycelium Primordium Young Mature Fruiting Body Fruiting Body 
Fig. 2.9. Reverse dot-blot hybridization. Eluted DNA fragments were re-amplified and 
equal amounts (15 R@) applied to four membranes using a dot blot manifold. The 
membranes were hybridized with radioactive cDNA probes made from the four 
developmental stages of Lentinula edodes. The 5H dot at the lower-right comer ofeach 
membrane is the control fragment, AulOOOA. 
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Fragments/locations Normalized Volume Ratio to Mycelium Normalized Volume 
I I M P YF MF M P YF MF 
Dc600M A " T 0.35 0.34 0.26 0.42 1.00 0.97 0.75 1.21 
Dc450M B 0.31 0.32 0.33 0.46 1.00 1.03 1.06 1.48 
Dc350M C 0.21 0.50 0.31 0.53 1.00 2.38 1.48 2.52 
Au400P D 0.21 0.49 0.39 0.80 1.00 2.31 1.84 3.78 * 
Au700Y E 0.35 0.43 0.84 1.17 1.00 1.23 2.39 3.33 
Au500F F 0.17 0.46 0.50 1.17 1.00 2.74 2.96 6.93 * 
Au450P G 0.25 0.47 0.37 0.49 1.00 1.91 1.51 1.99 
Au400Y H 0.20 Q.27 0.42 0.58 1.00 1.33 2.06 2.84 
A1400P ^ T 0 . 4 8 " " " 0 7 2 ~ ~ 0 ^ ~ ~ T 1 6 T ^ T ^ 5 T ^ ^ ~ 
BlAu380P B 0.14 0.24 0.27 0.52 1.00 1.66 1.89 3.64 
BlAu650P C 0.14 0.64 0.36 0.50 1.00 4.64 2.62 3.64 * 
BlAu290MP D 0.22 0.27 0.28 0.46 1.00 1.23 1.29 2.12 
BlAul80PYF E 0.14 0.30 0.37 0.56 1.00 2.20 2.68 4.05 
BlAul70PYF F 0.06 0.15 0.39 0.33 1.00 2.45 6.48 5.48 
BLRu250M G 0.05 0.28 0.20 0.51 1.00 5.76 .4.11 10.47 
B _ 4 0 F H 0.17 0.28 0.15 0.40 1.00 1.62 0.87 2.31 
“ B U R u l 8 0 P ~ ~ A ~ T 0 . 1 8 ~ ~ 0 ^ ~ ~ 0 ^ ~ ~ O l l f!00 T ^ T ^ 6 1 ^ ~ ~ 
BERu350F B 0.21 0.23 0.35 0.67 1.00 1.09 1.69 3.23 
BLRul60F C 0.07 0.27 0.30 0.46 1.00 3.82 4.21 6.45 * 
BLRu280A D 0.21 0.31 0.27 0.29 1.00 1.48 1.27 1.36 
m u 2 1 0 P E 0.13 0.31 0.36 0.41 1.00 2.34 2.72 3.10 * 
RiRul90P F 0.21 0.28 0.30 0.40 1.00 1.38 1.46 1.94 
UpI920M G 0.42 0.26 0.49 0.80 1.00 0.63 1.16 1.90 
UpI840M- H 0.45 0.47 0.70 1.22 1.00 1.04 1.55 2.70 
UpI700M 7 T T 0.23 0.31~~0.32 0.57 T M T l S T ^ 2 2.53 
UpI900P B 0.28 0.60 0.61 0.81 1.00 2.18 2.20 2.93 * 
UpI540P C 0.44 0.43 0.67 0.63 1.00 0.98 1.53 1.43 
UspIV750M D 0.48 0.67 1.20 1.12 1.00 1.41 2.51 2.34 
UspP/580M E 0.45 0.42 0.62 0.67 1.00 0.92 1.38 1.49 
Uspr/530M F 0.33 0.26 0.33 0.42 1.00 0.78 1.01 1.29 
U s p W 5 0 M G 0.21 0.53 0.48 0.71 1.00 2.55 2.32 3.43 
UspPMlOM H 0.19 0.31 0.20 0.42 1.00 1.62 1.03 2.16 
UspIV280Y J T T 0 . 1 8 ~ ~ 0 ^ 9 ~ ~ o T u ~ " " 0 ^ ^ 0 0 T ^ 0 7 7 TTTs~~ 
UpII770M B 0.12 0.29 0.23 0.37 1.00 2.40 ‘ 1.88 3.03 
UpII400M C 0.01 0.02 0.30 0.23 1.00 2.83 42.33 32.45 
UpU460F D 0.09 0.17 0.18 0.35 1.00 1.90 1.99 3.87 
UpII750P E 0.20 0.46 0.59 0.78 1.00 2.32 2.95 3.91 * 
UpII700P F 0.26 0.66 0.71 0.90 1.00 2.50 2.68 3.40 * 
UpH660P G 0.22 0.26 0.26 0.43 1.00 1.17 1.17 1.94 
AulOOOA^H| | l . 0 0 1.00 1.00 1 .00 | 1.00 1.00 1.00 1.00 |* 
Table 2.3 Quantified results from dot blot hybridization. 
Those RAP-fragment to be cloned are indicated by * at the right hand side. 
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u p o n re-screening with dot blot hybridization, only 6 out of the 40 stage-
specific RAP-products showed consistent expression pattem as in their RNA 
fingerprints. Five of them were mature fruit body specific fragments, and one was 
primordium specific. The readings in Table 2.3，however, showed that most of the 
RAP-products have the strongest hybridization signal in mature fruit body. This 
overall trend was suspected because only 5 RAP-products were expected to have 
strong signals in this stage. Too great a concentration difference in mature fruit body 
cDNA probe to the other 3 stages might have caused severe errors in the subsequent 
quantitative analysis. It led to the question of whether the consistent results for all of 
the 5 mature fruit body specific RAP-products were valid or not. 
The six RAP-products shown to have consistent results throughout RAP-PCR 
and dot blot hybridiziation should be the first ones for cloning. However, as the 
reliability of hybridization signals in the mature fruiting body stage was suspect, only 
two of the mature fruit body specific RAP-products (Au500F [ lF] and BlRul60F 
[3C]), which have much higher expression level (6.93 and 6.45 fold to mycelium 
respectively), were selected for cloning and sequencing in addition to the primordium 
specific RAP-product (BlAu650P [2C]). Since I was more interested in the differential 
gene expression during fruiting initiation, those primordium specific RAP-products 
with more than 2-fold up-regulated expression were also cloned. Due to the same 
reason, although BlRu250M (2G) was not differentially expressed in primordium as 
shown in the RNA fingerprint, it was selected for further analysis because its 
expression in the primordial stage was 5.76 fold higher than in mycelium; this reading 
was the highest in the list, which thus served as a good reason for the exception, t i 
addition, the control AulOOOA and the fragment BlRu280A (3D) were also cloned and 
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sequenced, in the hope of establishing an internal control for the expression studies in 
L edodes. Table 2.4 listed the 11 RAP-products subjected for further analysis. 
Location RAP- Fragment Expression level Remarks 
(fold-difference 
to stage ‘M，) 
lF Au500F 6.93 Consistent results in 
2C BlAu650P 4.64 both RAP-PCR and 
3C BlRul60F 6.45 dot blot analysis 
lD Au400P 2.31 Primordium specific 
3E RlRu210P 2.34 RAP-products with 
4B UpI900P 2.18 expression level > 2.00 
5E UpII750P 2.32 
5F UpII700P 2.50 
2G BlRu250M 5.76 (P) Dot blot analysis showed 
to have high expression 
level in primordium 
3D BlRu280A -- Controls 
5H AulOQOA ~ 
Table 2.4. RAP-products selected for cloning and sequencing 
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2.3.4 Cloning and sequencing of selected RAP-products 
The selected RAP-products were cloned into Srf[ site of pCR-Script™ Amp 
SK (+) and the transformants were plated on LB with ampicillin, X-gal and ffTG. For 
each RAP-product, 10-12 white colonies were screened with PCR using T3 and T7 
primers to confirm the presence of inserts. Authentic clones were identified as having 
the PCR product with size equal to the original insert plus the 160bp spans between 
T3 and T7 primers on the vector (Fig. 2.10). They were sequenced using universal 
primers on the cloning vector, e.g., T3, T7, M13, and M13 reverse primers. The 
nucleotide sequences of the clones are shown in Fig. 2.11-23. 
2.3.5 Sequence analyses 
The amino acid sequences predicted from all of the six reading frames of the 
nucleotide sequences of the RAP-fragments were compared with current protein 
databases using BLASTX (Altschul et aL, 1997) on the W W W server of National 
Center of Biotechnology Information (NCBI, National Library of Medicine, Nffl). 
The results are summarized in Table 2.5, and the alignment results of those sequences 




M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
8 0 0 - ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | 
b p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M 
Fig. 2.10. PCR screening of white colonies. Lanes 1,4,5,8,11, positive clones of 
BlRu250M;lane 12, clone with wrong insert size, lanes 13 and 21，positive clones of 
Au500F. Arrowhead indicates the 160bp PCR products from colonies without inserts. 
M, 100bp ladder. 
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1 ACTACCCCCA ACAAAGGAAA TGATGATGCC GCGCGCTGAC TACATGGACT 
51 CTCAATCAGA GCTTAACTGG GATATGCGTG CTACCCTTAT CGACTGGCTG 
101 CTCCAAGTTC ACCTTCGATA TCACATGCTC CCCGAGACCC TCTGGATAGC 
151 CATCAACCTC ATTGATCGTT TCCTCTCACA ACGCACCGTA TCCGTCGTAA 
2 0 1 AATGCAGCTA GTTGGAATTA CTGCCATCTT CATTGCCGCC AAATACGAAG 
2 5 1 AGATCCTAGC GCTTCCGTAG ACGAATTGTT TCATGACGGA GAAGCGTCAC 
301 GAAGGACGAA ATCTAAAGGG AGAAAGGATT ATCTTGCAGG CGCTAGATTC 
351 CCAAATCTCG CACTATTGCT CGCCCTACAA TTGGATGCGG CGTATTAGTA 
4 0 1 AGGCGGACGA CTACGATCTT CAAACGCGGA CCTTGAGCAA ATTCCTGATC 
4 5 1 GAAGTGACAT TAATTGACTC CCGTTTCTTG CGTGCCAAAG CAAGCCTCAT 
501 CGCTGCAGTT GGGATGTACA GTGCATTTCC TTTGTTGGGG GTAGT 
Fig. 2.11. Nucleotide sequence of Au500F-l (545bp) 
1 ACTACCCCCA ACAAAGGAAA TGGCTAATAT CAGGAAAAAG TTCAAAGACG 
51 GTAACTTGGA CGGATATCAG AAGAAAAAAT ATGTGGCCAA AATCATCTTC 
101 ACGTATATTC TTGGGTACAA AGTCGACGTT GGGCATATGG AAGCCGTGAA 
151 TCTCATCTCC AGCCCGAAAT ATAGCGAGAA GCAGATTGGA TATCTTGCTG 
2 01 TCACGTTGCT AATGCACGAA AATTCAGATT TCTTACGACT AGTGGTTAAT 
2 5 1 TCTATACGGA AGACTTGCAC GGAAACAACG AGATCGACAA TTGCCTCGCA 
3 01 TTACATGCTA TTGCAAACGT TGGAGGAAGT GAAATGGCCG AGGCTTTAGC 
3 51 AGAAGATGTG CACCGACTCC TTATTTCTCC GACATCAGAA AGCTTCGTCA 
4 0 1 AGAAGAAAGC TGCTTTGACA CTGCTGAGGN TATATCGCAA ACACCCCGAT 
4 5 1 GTCATTCCTG CTGCTGAATG GGCTCTTCGC ATCATTTCCT TTGTTGGGGG 
501 TAG 
Fig. 2,12. Nucleotide sequence of Au500F-2 (503bp) 
1 ATATTTAGGC GAGCGGTTCA GAGCTAGACG CGTGGCTCGC ATAGGCTTTC 
51 CTTTTCTCTG AAATCATCCT TTCCTTTCGA ATTGACCTCC CTACATCCAT 
101 GGACATCAAT CTTGGTTTAA TTTTTGTTCT TTTCATCCAT GATCGCGGGC 
Fig. 2.13. Nucleotide sequence o f B I R u l 6 0 F (150bp) 
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1 TACCCCCAAC AAAGGAAATG ATACTTCGGC CAGATTCATA GCCTTCAATG 
51 AGCAAGTCCT TGAAAGAAAT ATTTTTGTGC TTGATTGGGA TGTCCCTTGC 
101 TAGCGTGATA AGGGCCCAAC CAAATCGCGA CATTCTTTAA GTTTGTTCTC 
151 TCTGTACCAA ATTGAAGAGC TCGCTCTGAG TTGAGCATGC TAGCAGACTT 
2 0 1 GACAAAGGAC TCGTGGAGGA TGAATTTCGA CAGCTTTTCT CTGTTGAGGG 
2 5 1 AATCCAGAAA GCGAAGATAA AGGGAATGAT TGTTGGGCTC CGTACTAATT 
301 CTCTGATCGA CAAGATAGTT GGCAAACCAT CTGGAGTATT CGTCCTTGAA 
351 TAACCCTTGC ATTTCCTTTG TTGGGGGGTT AG 
Fig. 2.14. Nucleotide sequence of Au400P-l (382bp) 
1 CTACCCCCAA CAAAGGACAT GGTCACCATT ATAAACGTGC ACATGTTGCT 
51 CGTGCAGTTC CTGCTTGCCC TAAGGGTCTC GATGCTTGCC CAATNTGCGG 
101 GGNTCATCTC TTGGAGACTA CGAGTGTCTT GATACCTCAG CCGAGCTTGA 
151 ATCTTGTGGC GGTTGTGCCT CAGTTGGGGA GGGTCAGGAC TGTACTGCTA 
2 0 1 TTGAAGGTGC CTGGAATGTA GGCTGTGACC GCGGTAGCTG CAAAGTGTAT 
2 51 CCTGCTTTGC CGGATTCAAG CTGTCTTCTG ATGGGCACCT CCTGCATTGC 
3 01 GCTCTANATT TGGCTCTCCA TCATATCGAC CGGCAACGTT ATANATTCTA 
351 CATCTACTGA TCGTACGGTC TTCAATCTTC CTATCATTTC CTTTGTTTGG 
Fig. 2.15. Nucleotide sequence of Au400P-4 (400bp) 
1 CCTGNTTCTT TGGATTCATC ACATTTAATA CAAGAGATGC AAAGTTCGAG 
51 CATAGGCAGA GACGGAGAAT GGGAAAACAA ACAAACAAGA AAGAAAAGAA 
101 AAGAGGTAAA TGATGAAGCA GGACCGTATA CTATCAATTC CCTCCAACCA 
151 ACGGCGCCCG TTCCGGATCC TCCAACCGAA TCCCACCAGT TGCTCTAGAG 
2 01 CGCAAAACGA GGCCATAACC ACCTTTCAAG ACCCACACGA GGGAAAGGAG 
2 51 GGCAAAGGCG AGAGAGACCA GTGGATGAAA CCCGGGAGAA CGTTGGCNAG 
3 01 ACGAAGATGG CGANGGGGGA CAAGCAGATG GCGAATGGAG GCGGGCNAAT 
3 51 CGCTTCGGGG GTGGAAGAAN GGGAANGNAA CCGGCGGTGG TTCN 
Fig. 2.16. Partial nucleotide sequence of UpI900P-14 (394bp) 
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1 CTGTTCTTTG GATTCATCAC ATTTATATCG GCAGGTACTA CCTCTTCGTC 
51 GCGGAGGAGA AGCTGCTGCC ATCTAAAACG GCAATTGGAG TTCTAACACC 
101 GGGATGAGAA AAGATACTGG GGACATTCGA GAATCTTCGA GATGTAGGCG 
151 TCCCATAATC AGACATGCTG CTGTAAGAGG ATTGACGAAT AGGTATTGCC 
2 0 1 CTAGATGGGA CAGAAGGACG GCGAGGTGAT CCGAAGGTNT GTTGGCGTGT 
2 5 1 AGACCCAATA GCCGGGCGAA TTAGATGACC CACTGACAGA TGGTCGAGAG 
3 0 1 CTNCGACGTG GAAAANGTGT AGTAGGTGAG GCANGANTGT CATTATNCTG 
351 CAAAATCCTC AAGANGGTCN CAAAAATCAG AGNCTCCGTC CTC 
Fig. 2.17. Partial nucleotide sequence of UpII900P-12 (393bp) 
1 CTCGATCATT GCTGCTTATG GCAACTGGGG CTCCACTGAT ATGCATGGTA 
51 TTTCTGGAGG ATGGATCGGT ATTGTCTGGG TTTGGAACAT CGTTTGGTTC 
101 ATTCCTCTCG ACTGGATCAA GTTCGCGATG AAATACACTA TCATCAAGTC 
151 GCTCCGTCAA CGTCATGAAG CCGCTGCTGC TGCCGCTACC CGTGCCACTT 
2 01 CC'CAGTTTGA AGGTGTTCCC ATGACCCGTA CCACTTTTCG TGCCGCATTT 
2 51 TATCCACGAA TCGYTTTACT CTAACCGTGT GTBGTTCATC AGA 
Fig. 2.18. Partial nucleotide sequence of UpII700P-l (293bp) 
1 TCCGCACAAT GGAGGGTTCC TATCGCGTTA CAAATTCTGT TTGCTTTGGT 
51 AACCGTTTTC GCTTTGCCAA TCCTCCCTGA ATCACCTCGT TGGCTCATGA 
101 AAGCTGGGCG ACCGGCCNAA GCTTTGGCCG TCATTTCCGC ATTANAAGAT 
151 AAACCTCACT CAGACTCGAC TGTCCGAACG ACATTTCATG CCATTAAAGA 
2 01 AGCGGTCGCT TTACAANGCC TAACATAAAT ACGTCAAGTT CTTCGGAAAA 
2 51 GGCTCCCTCA CGAACTTTTC ACTGGTGGTC GGACCAAAAT TCAGGCGGGT 
3 01 CCCNCTGTTG GGTCNCATCC 
Fig. 2.19. Partial nucleotide sequence of UpII700P-4 (320bp) 
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1 GCGGTTAGAG TTGTTAGAAT AGCTGGAATT GAACCTCGTC CTATGTTCTT 
51 TTCATCCATG CGATCATGGA TGAAAAGAAC AGATGAAAAT ATTGTGTTGT 
101 CTTTGATCCT CTTGATGGAA GTAGCAACAT CGACGCGGGT GTTAACATTG 
151 GAACCATCTT CGGAATCTGA ACCGCTCGCC TAAATAGGGC 
Fig. 2.20. Partial nucleotide sequence ofBlRu250M-6 (190bp) 
1 TATGTAGGCG AGCGGTTCAG AACATCTAAG GGCATCACAG ACCTGTTATT 
51 GCCTCAAACT TCCGTCAGCT AGACGCTGAC AGTCCCTCTA AGAAGCCGGC 
101 GACCATCCGA AGACGGCCTG GCTATTTAGC AGGTTAAGGT CTCGTTCGTT 
151 ATCGGAATTA ACCAGACAAA TCACTCCACC AACTAAGAAC GGCCATGCAC 
201 CACCACCCAT AAAATCATGA AAGAGCTATC AATCTGTCAA TCCTAGTTAT 
2 5 1 GTCTGAACCG CTCGCCTAAA TA 
Fig. 2.21. Nucleotide sequence ofBlRu280A-4 (272bp) 
1 GCGATCATGG ATGGANAAGA ACAAGAGGCA GCGCTATCAT GGTATCTGAG 
51 AACTCGTGCT CCGATGGGTA GGATGAGTCC TATGCCTCTG AACCGCTCGC 
101 CTAANTATCT GAACCGCTCG CCTAANTAGG GCANCCTCAA TTCGCTTCCT 
151 CGCAATTTGC CGTCTGTTAA GGCCAATGAG TGCGTTGGAC TNGTCATTGC 
2 01 TCTTCTCCAC TTCCTCCTCT GAACCGCTCG CCTATATA 
Fig. 2.22. Partial nucleotide sequence of BlRu280A-5 (238bp) 
1 CTACCCCCAA CNCAGGAAAT GGGTGTATTT ATTANNATAA AAAACCAACG 
51 CGGCTCGCCG CTCACTTGGT GATTCATAAT NAACTTCTCG AATCGCATGG 
101 CCTTGTGCCG GCGATGCTTC ATTCAAATAT CTGCCCTATC AACTTTCGAT 
151 GGTAGGATAG AGGCCTACCA TGGTTTCAAC GGGTAACGGG GNAATAAGGG 
2 0 1 TTCGATTCCG GAGAGGGAGC CTGAGAAACG GCTACCACAT CCAAGGAAAG 
2 5 1 GCAGCAGGCG CGCAAATTAC CCAATCCCGA CACGGGGAAG GTANTGACAA 
3 01 TAAATAACAA TATAAGGGCT CTTTCGGGTC TTTATAATTG GGAATGAGTA 
3 51 CAATTTANAT CCCTTAACGA AGGAACAATT GGAAGGGCNN TCTGGTGCCA 
4 0 1 NCAACCGCGG TAATTCCAGC TCCAATANCG TATATTAAAT TTGTTGCATT 
4 5 1 AAAAAGCTCG TANTTGAACT TCA 
Fig. 2.23. Partial nucleotide sequence of AulOOOA-1 (473bp) 
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RAP-fragment Putative Gene Functions Remarks 
Au500F-1 G2Mitotic - cyclin B Fig. 2.24 
Au500F-2 Alpha-adaptin Fig. 2.25 
Au400P-1 CDC 39 of 5 .cerevisiae Fig. 2.26 
Au400P-4 PRIA of Lentinula edodes 一 Fig. 2.27 
UpII70QP-1 Plasma membrane H(+) - ATPase Fig. 2.28 
UpII700P-4 Sugar transport protein Fig. 2.29 
BlRu250M-6 Fructose-1,6-bisphosphatase Fig. 2.30 
BlRu280A-4 18S ribosomal RNA Fig. 2.31 
—AulOOOA-1 18S ribosomal RNA Fig. 2.32 
BlRul6QF low homology ~ 
UpII9Q0P-12 low homology -
UpII9QQP-14 low homology -
BlRu280A-5 low homology -
BlAu650P ^ failed in cloning 
UpII75QP - failed in sequencing 
Table 2.5. Summary of Blast search results of the sequenced RAP-fragments 
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S c o r e 
E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits> V a l u e 
sp|P302 8 4 | C G 2 1 _ E M E N I G 2 / M I T O T I C - S P E C I F I C C Y C L I N B > g i | 8 3 6 9 8 | p i r . . . 92 4e-35 
p i r I I A 3 4 9 4 8 c y c l i n - r e l a t e d c e l l d i v i s i o n c o n t r o l p r o t e i n cdcl3 … 90 2e-34 
sp P10815 C G 2 3 _ S C H P O G 2 / M I T O T I C - S P E C I F I C C Y C L I N CDC13 > g i | 8 2 7 9 4 . . . 90 2e-34 
sp P24870 C G 2 3 _ Y E A S T G 2 / M I T O T I C - S P E C I F I C C Y C L I N 3 >gi|5525 (X69... 80 6e-31 
p i r I I A 6 0 0 4 8 c y c l i n B3 - y e a s t (Saccharomyces c e r e v i s i a e ) > g i | l 7 . . . 80 6 e - 3 1 
sp P36630 C G 2 2 _ S C H P O G 2 / M I T O T I C - S P E C I F I C C Y C L I N C I G 2 / C Y C 1 7 > g i | . . . 82 le-30 
sp P 2 4 8 7 1 C G 2 4 _ Y E A S T G 2 / M I T O T I C - S P E C I F I C C Y C L I N 4 > g i | 4 1 9 8 2 8 | p i . . . 76 7e-30 
p i r A 4 8 1 0 0 B - t y p e c y c l i n , Cig2 - fission y e a s t ( S c h i z o s a c c h a r o . . . 77 3e-29 
p i r J C 4 8 2 8 c y c l i n B - y e a s t (Candida albicans) 84 4e-28 
s p | P 4 7 8 2 9 | C G 2 1 _ C A N A L G 2 / M I T O T I C - S P E C I F I C C Y C L I N C Y B 1 >gi|1103 9 2 . . . 83 6e-28 
sp P3 0 2 8 4 | C G 2 1 _ E M E N I G 2 / M I T O T I C - S P E C I F I C C Y C L I N B ~ ‘ 
gi 8 3 6 9 8 | p i r | | S 2 2 6 9 4 c y c l i n B - E m e r i c e l l a n i d u l a n s 
gi 2706 (X64602) N I M E / C Y C L I N B (Emericella nidulans] •• 
L e n g t h = 478 
S c o r e = 76.9 b i t s (186), Expect{2) = 4e-35 
I d e n t i t i e s = 30/57 (52%), P o s i t i v e s = 44/57 (76%) 
Q u e r y : 26 M P R A D Y M D S Q S E L N W D M R A T L I D W L L Q V H L R Y H M L P E T L W I A I N L I D R F L S Q R T V S V 196 
+P D Y + D Q +L W M R L + D W L + + V H R+ + L P E T L + + A + N + I D R F L S V + + 
S b j c t : 224 L P N P D Y I D H Q P D L E W K M R G I L V D W L I E V H T R F R L L P E T L F L A V N I I D R F L S A E W A L 280 
Score = 92.1 b i t s (225), E x p e c t ( 2 ) = 4e-35 
I d e n t i t i e s = 53/109 (48%), P o s i t i v e s = 73/109 (66%), G a p s = 2/109 (1%) 
Q u e r y : 1 9 9 - K M Q L V G I T A I F I A A K Y E E I L A L P * T N C - - F M T E K R H E G R N L K G E R I I L Q A L D S Q I S H Y C S 372 
+ + Q L V G + A + F I A + K Y E E + L + N E + L ER IL L+ +S Y + 
Sbjct: 282 R L Q L V G V A A M F I A S K Y E E V L S P H V A N F S H V A D E T F S D K E I L D A E R H I L A T L E Y N M S - Y P N 340 
Q u e r y : 373 P Y N W M R R I S K A D D Y D L Q T R T L S K F L I E V T L I D S R F L R A K A S L I A A V G M Y S A 525 
P N + + R R I S K A D + Y D + Q T R T L K + L + E + + L + D R F L S I A M Y A 
S b j c t : 341 P M N F L R R I S K A D N Y D I Q T R T L G K Y L M E I S L L D H R F L G Y P Q S Q I G A A A M Y L A 391 
Fig. 2.24. BLASTX window showing the search results of Au500F-l . Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 
shows the first search result on the list, indicating that Au500F-l is homologous to 
G 2 M I T O T I C - S P E C M C CYCLIN B ofEmericella nidulans. 
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S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits) V a l u e 
s p I P 1 7 4 2 6 I A D A A _ M O U S E A L P H A - A D A P T I N (A) (CLATHRIN A S S E M B L Y P R O T E . . . 108 2e-40 
gnl PID e l l 8 1 0 8 1 (Y13092) a l p h a - a d a p t i n [Drosophila m e l a n o g a s t e r】 115 2e-40 
gnl PID e303864 (Y11104) a l p h a - a d a p t i n [Drosophila m e l a n o g a s t e r ] 115 2e-40 
sp P17427 A D A C _ M O U S E A L P H A - A D A P T I N (C) (CLATHRIN A S S E M B L Y P R O T E . . . 107 8e-38 
sp P18484 A D A C _ R A T A L P H A - A D A P T I N (C) ( C L A T H R I N A S S E M B L Y P R O T E I N . . . 107 8e-38 
p i r | | B 3 0 1 1 1 a l p h a - a d a p t i n C - m o u s e 107 8e-38 
g i I 8 6 1 2 9 9 (U28742) h i g h l y similar to a l p h a - a d a p t i n (rat and m o u . . . 112 le-24 
gnl P I D | d l 0 2 2 2 5 7 (AB004535) A L P H A - A D A P T I N [Schizosaccharomyces ... 102 le-21 
pir |S49876 g a m m a - a d a p t i n - smut fungus (Ustilago maydis) > g i | 6 . . . 71 3e-18 
spIP22 8 9 2 | A D G _ M O U S E G A M M A - A D A P T I N (GOLGI A D A P T O R H A 1 / A P 1 A D A P T I . . . 63 3e-16 
s p | P 1 7 4 2 6 | A D A A _ M O U S E A L P H A - A D A P T I N (A) 
(CLATHRIN A S S E M B L Y P R O T E I N C O M P L E X 2 A L P H A - A LARGE CHAIN) 
(100 KD C O A T E D V E S I C L E PROTEIN A) 
(PLASMA M E M B R A N E A D A P T O R HA2/AP2 A D A P T I N A L P H A A SUBUNIT) .. 
g i 9 0 2 9 l | p i r | | A 3 0 1 1 1 a l p h a - a d a p t i n A - m o u s e 
g i 49878 (X14971) a l p h a - a d a p t i n (A) (AA 1-977) [Mus musculus】 
L e n g t h = 977 
S c o r e = 108 b i t s (268) , Expect(2) = 2e-40 
I d e n t i t i e s = 50/82 (60%), P o s i t i v e s = 69/82 (83%) , G a p s = 1/82 (1%) 
Query： 14 K E M A N I R K K F K - D G N L D G Y Q K K K Y V A K I I F T Y I L G Y K V D V G H M E A V N L I S S P K Y S E K Q I G 190 
K E + A N I R KFK D' LDGY K K K Y V K + + F ++LG+ +D G H M E A V N L + S S K Y + E K Q I G 
Sbjct: 35 K E L A N I R S K F K G D K A L D G Y S K K K Y V C K L L F I F L L G H D I D F G H M E A V N L L S S N K Y T E K Q I G 94 
Q u e r y : 191 Y L A V T L L M H E N S D F L R L W N S I R 259 
YL +++L++ NS+ +RL+ N+I+ 
S b j c t : 95 . Y L F I S V L V N S N S E L I R L I N N A I K 117 
S c o r e = 78.0 b i t s (189) , Expect(2) = 2e-40 
I d e n t i t i e s = 37/75 (49%), P o s i t i v e s = 47/75 (62%) 
Query： 2 62 D L H G N N E I D N C L A L H A I A N V G G S E M A E A L A E D V H R L L I S P T S E S F V K K K A A L T L L R X Y R K 441 
DL N C L A L H IANVG EM EA A D+ R + L + + S VK+ A A L LLR Y+ 
S b j c t : 119 D L A S R N P T F M C L A L H C I A N V G S R E M G E A F A A D I P R I L V A G D S M D S V K Q S A A L C L L R L Y K A 178 
Query： 442 H P D V I P A A E W A L R I I 486 
PD++P EW R++ 
S b j c t : 179 S P D L V P M G E W T A R W 193 
Fig. 2.25. BLASTX window showing the search results of Au500F-2. Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 
shows the first search result on the list, indicating that Au500F-2 is homologous to 
ALPHA-ADAPTIN ofMus musculus. 
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S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits) V a l u e 
s p | P 2 5 6 5 5 | N O T l _ Y E A S T G E N E R A L N E G A T I V E R E G U L A T O R OF T R A N S C R I P T I O . . . 53 le-12 
pir IS28417 CDC39 p r o t e i n - y e a s t (Saccharomyces c e r e v i s i a e ) > g . . . 53 le-12 
gnl P I D | e 3 1 5 4 9 1 (Z95334) u n k n o w n [Schizosaccharomyces p o m b e ] 63 6e-10 
g i | 3 2 5 8 5 6 9 (U89959) S i m i l a r to y e a s t g e n e r a l n e g a t i v e r e g u l a t o r . . . 63 6e-lQ 
sp P 2 5 6 5 5 | N O T l _ Y E A S T G E N E R A L N E G A T I V E R E G U L A T O R OF T R A N S C R I P T I O N S U B U N I T 1 
gi 2 8 7 9 1 1 ( X 7 0 1 5 1 ) CDC3 9 [Saccharomyces c e r e v i s i a e ] 
L e n g t h = 2108 
S c o r e = 52.7 b i t s (124), Expect(2) = le-12 
I d e n t i t i e s = 27/89 (30%) , P o s i t i v e s = 49/89 (54%) .. 
Query： 380 N P P T K E M Q G L F K D E Y S R W F A N Y L V D Q R I S T E P N N H S L Y L R F L D S L N R E K L S K F I L H E S F V 201 
N E++ Y WF+ Y L V Q R T E P N H LY + + ++ L +F+++ + 
Sbjct: 802 N N K V D E L K K S L T P N Y F S W F S T Y L V T Q R A K T E P N Y H D L Y S K V I V A M G S G L L H Q F M V N V T L R 861 
Query: 200 K S A S M L N S E R A L Q F G T E R T N L K N V A I W L G 114 
+ +L+++ + ++ + L K N + A W L G 
Sbjct: 862 Q L F V L L S T K D - - E Q A I D K K H L K N L A S W L G 888 
S c o r e = 39.9 b i t s (91), Expect(2) = le-12 
I d e n t i t i e s = 17/28 (60%>, P o s i t i v e s = 23/28 (81%) 
Query： 109 I T L A R D I P I K H K N I S F K D L L I E G Y E S G R 26 
.ITLA + P I K H K N I + F + + +LIE Y+ R 
Sbjct: 890 I T L A L N K P I K H K N I A F R E M L I E A Y K E N R 917 
Fig. 2.26. BLASTX window showing the search results of Au400P-l . Upper box 
shows the 4 genes having the highest scores in sequence alignment. Lower box 
shows the first search result on the list, indicating that Au400P-l is homologous to 
CDC39 of Saccharomyces cerevisiae. 
7 0 
S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits) V a l u e 
s p Q 0 1 2 0 0 | P R I A _ L E N E D P R I A P R O T E I N P R E C U R S O R > g i | 1 0 1 9 6 8 | p i r | | S 2 3 . . . 122 2e-43 
gi 2213832 (AF002181) m e r o z i t e s u r f a c e p r o t e i n 1 [Plasmodium v i . . . 31 4.1 
sp P 4 0 5 6 6 | Y I S 7 _ Y E A S T H Y P O T H E T I C A L 87.0 KD P R O T E I N IN P A N 1 - P R I 1 ... 31 5.4 
gi 556853 (Z37996) i n c o m p l e t e orf, len: 7 4 4 , CAI: 0.14 [Sacchar... 31 5.4 
s p I Q 0 1 2 0 0 I P R I A _ L E N E D P R I A P R O T E I N P R E C U R S O R > g i | 1 0 1 9 6 8 | p i r | | S 2 3 1 0 6 p r i A p r o t e i n -
s h i i t a k e m u s h r o o m >gi|2920 (X60956) p r i A gene p r o d u c t 
[Lentinula edodes] 
L e n g t h = 258 
S c o r e = 73.7 b i t s (178), Expect(2) = 2e-43 ” 
Id e n t i t i e s = 31/36 (86%) , P o s i t i v e s = 32/36 (88%) 
2uery: 3 T P N K G H G H H Y K R A H V A R A V P A C P K G L D A C P X C G X H L 110 
TPNKG+GHHYKRAHVARA.VPACPKGLDACP G L 
Sbjct: 159 T P N K G N G H H Y K R A H V A R A V P A C P K G L D A C P I A G S S L 194 
S c o r e = 122 b i t s (304) , Expect{2) = 2e-43 
I d e n t i t i e s = 57/68 (83%), P o s i t i v e s = 57/68 (83%) 
Query： 101 G S S L G D Y E C L D T S A E L E S C G G C A S V G E G Q D C T A I E G A W N V G C D R G S C K V Y P A L P D S S C L L 280 
G S S L G D Y E C L D T S A E L E S C G G C A S V G E G Q D C T A I E G A W N V G C D R G S C K V Y 
Sbjct: 191 G S S L G D Y E C L D T S A E L E S C G G C A S V G E G Q D C T A I E G A W N V G C D R G S C K V Y S C F A G F K L S S 250 
Query： 281 M G T S C I A L 304 
G T S C I A L 
Sbjct: 251 D G T S C I A L 258 
Fig. 2.27. BLASTX window showing the search results of Au400P-4. Upper box 
shows the 4 genes having the highest scores in sequence alignment. Lower box shows 
the first search result on the list, indicating that Au400P-4 is homologous to priA of 
Lentinula edodes. 
7 1 
S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t a l i g n m e n t s： (bits) V a l u e 
g i | 3 3 4 8 0 7 3 ( A F 0 7 7 7 6 6 ) p l a s m a m e m b r a n e H ( + ) - A T P a s e 1 [ F i l o b a s i d i . . . 40 8 e - 0 4 
g n l P I D | e l l 8 8 6 2 4 ( A J 0 0 3 0 6 7 ) p l a s m a m e m b r a n e (H+) A T P a s e [ U r o m y c . . . 36 0 . 0 4 8 
p i r |S52728 H + - t r a n s p o r t i n g A T P a s e (EC 3 . 6 . 1 . 3 5 ) - k i d n e y b e a n ... 31 2.8 
g n l P I D | d l 0 0 7 2 0 1 (D31843) p l a s m a m e m b r a n e H + - A T P a s e [Oryza s a t i v a】 30 4！8 
g i I 1 8 1 4 4 0 7 ( U 8 4 8 9 1 ) H + - t r a n s p o r t i n g A T P a s e [ M e s e m b r y a n t h e m u m c r . . . 29 8.2 
g i | 3 3 4 8 0 7 3 ( A F 0 7 7 7 6 6 ) p l a s m a m e m b r a n e H ( + ) - A T P a s e 1 [ F i l o b a s i d i e l l a n e o f o r m a n s ] 
L e n g t h = 997 
S c o r e = 39.9 b i t s (91), E x p e c t ( 2 ) = 8 e - 0 4 “ 
I d e n t i t i e s = 2 0 / 5 4 (37%), P o s i t i v e s = 2 8 / 5 4 (51%) 
Query： 2 S I I A A Y G N W G S T D M H X X X X X X X X X X X X X X X X X F I P L D W I K F A M K Y T I I K S L R Q R 163 
S I I A A Y + W + +H + P L D IKF M K T + I + L + + R 
S b j c t : 868 S I I A A Y A D W S F S Q V H S V S G G W I G I V W I W N I V W Y F P L D G I K F I M K K T V I A A L Q R R 9 2 1 
S c o r e = 2 1 . 9 b i t s (45), E x p e c t ( 2 ) = 8 e - 0 4 
I d e n t i t i e s = 8 / 1 2 (66%), P o s i t i v e s = 9 / 1 2 (74%) 
2 u e r y : 255 H E S X Y S N R V X F I 290 
H E S Y S N R F+ 
S b j c t : 942 H E S L Y S N R T N F L 953 
Fig. 2.28. BLASTX window showing the search results of UpETOOP-l. Upper box 
shows the 5 genes having the highest scores in sequence alignment. Lower box shows 
the first search result on the list, indicating that UpETOOP-l is homologous to plasma 
membrane H(+)-ATPase of Filobasidiella neoformans. 
7 2 ‘ 
S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits) V a l u e 
gi 409547 (L07492) sugar transport p r o t e i n [Saccharomyces c e r e v . . . 60 8e-09 
sp P39932 S T L l _ Y E A S T S U G A R T R A N S P O R T E R STL1 > g i | 2 1 3 3 1 6 5 | p i r | S 6 . . . 60 8e-09 
sp P40885 H X T 9 _ Y E A S T H E X O S E T R A N S P O R T E R HXT9 > g i | l 0 7 2 4 9 3 | p i r |S... 49 2e-05 
sp P 4 0 4 4 1 Y I R O _ Y E A S T H Y P O T H E T I C A L 50.8 KD P R O T E I N IN S D L 1 5‘REG... 49 2e-05 
sp P54862 H X T A _ Y E A S T H E X O S E T R A N S P O R T E R H X T 1 1 (LOW-AFFINITY G L U . . . 49 2e-05 
gnl P I D e 2 9 0 3 6 8 (Z83828) A m M s t - 1 [Amanita m u s c a r i a ] 47 8e-05 
gnl PID d l 0 1 4 5 3 8 (D89179) similar to S a c c h a r o m y c e s c e r e v i s i a e h . . . 46 le-04 
gi 1750127 (U66480) Y n c C [Bacillus subHilis】 > g i | 2 6 3 4 1 4 7 | g n l | P I . . . 46 2e-04 
sp P 3 2 4 6 5 | H X T l _ Y E A S T L O W - A F F I N I T Y G L U C O S E T R A N S P O R T E R H X T 1 > g i | . . . 44 5e-04 
gi 171741 (M82963) h e x o s e t r a n s p o r t e r [Saccharomyces c e r e v i s i a e ] 44 5e-04 
g i | 4 0 9 5 4 7 (L07492) sugar t r a n s p o r t p r o t e i n [Saccharomyces c e r e v i s i a e ] 
L e n g t h = 536 
Score = 60.1 b i t s (143), E x p e c t = le-08 
I d e n t i t i e s = 38/120 (31%), P o s i t i v e s = 53/120 (43%) 
Query: 421 P Y R V X I L F A X V X F S X C P I L P E S P R W L M K A G R P A E A L A V I S A L E D X P H T D S T V E T T F H A I K 242 
P + I + F A + L P E S P R W L + R EA ++ L+D D V T + 
Sbjct: 205 P V S M Q I V F A L F L L A F M I K L P E S P R W L I S Q S R T E E A R Y L V G T L D D A D P N D E E V I T E V A M L H 264 
Query: 241 E A V A L E G S N I D T X X X X X X X X X X X L F T G G R T Q N F R R V A L G V I I Q C F Q Q I T G I N S R P X Y X S V 62 
+AV LF+ G R + Q N +R + Q FQQ TG N+ Y +V 
Sbjct: 265 D A V N R T K H E K H S L S S L F S R G R S Q N L Q R A L I A A S T Q F F Q Q F T G C N A A I Y Y S T V 316 
Fig. 2.29. BLASTX window showing the search results of Upn700P-4. Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 
shows the first search result on the list, indicating that Upn700P-4 is homologous to 
sugar transport protein of Saccharomyces cerevisiae. 
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S c o r e E 
S e q u e n c e s p r o d u c i n g s i g n i f i c a n t a l i g n m e n t s： (bits) V a l u e 
sp P 4 6 2 7 6 F 1 6 Q _ S 0 L T U F R U C T O S E - 1 , 6 - B I S P H O S P H A T A S E , C Y T O S O L I C { D - . . . 59 3 e - 0 9 
sp Q 4 3 1 3 9 F 1 6 Q _ S A C H Y F R U C T O S E - l , 6 - B I S P H O S P H A T A S E , C Y T O S O L I C { D - . . . 58 6 e - 0 9 
sp P 4 6 2 6 7 F 1 6 Q _ B R A N A F R U C T O S E - 1 , 6 - B I S P H O S P H A T A S E , C Y T O S O L I C ( D - . . . 57 l e - 0 8 
sp P 1 4 7 6 6 F 1 6 Q _ S P I O L F R U C T O S E - l , 6 - B I S P H O S P H A T A S E , C Y T O S O L I C ( D - . . . 57 l e - 0 8 
g n l | P I D | d l 0 2 6 3 5 0 ( A B 0 0 7 1 9 3 ) f r u c t o s e - 1 , 6 - b i s p h o s p h a t a s e [Oryza ... 56 3 e - 0 8 
sp Q 4 2 6 4 9 F 1 6 Q _ B E T V U F R U C T O S E - 1 , 6 - B I S P H O S P H A T A S E , C Y T O S O L I C ( D - . . . 55 5 e - 0 8 
sp P 0 9 1 9 9 F 1 6 P _ S H E E P F R U C T O S E - l , 6 - B I S P H O S P H A T A S E ( D - F R U C T 0 S E - 1 , . . . 50 l e - 0 6 
gi 3 2 8 8 9 9 1 ( A F 0 7 3 4 7 4 ) f r u c t o s e - 1 , 6 - b i s p h o s p h a t a s e [Sus s c r o f a ] 50 2 e - 0 6 
p d b l B K 4 C r y s t a l S t r u c t u r e Of R a b b i t L i v e r F r u c t o s e - 1 , 6 - B i s p . . . 50 2 e - 0 6 
p d b l F S A A S u s s c r o f a > g i | 2 5 5 4 9 1 3 | p d b | l F S A | B Sus s c r o f a 50 2 e - 0 6 
s p | P 4 6 2 7 6 I F 1 6 Q _ S O L T U F R U C T O S E - 1 , 5 - B I S P H O S P H A T A S E , “ 
C Y T O S O L I C ( D - F R U C T O S E - 1 , 6 - B I S P H O S P H A T E 1 - P H O S P H O H Y D R O L A S E ) ( F B P A S E ) (CY-F1) 
gi 5 4 2 0 7 9 | p i r | | S 4 1 2 8 7 f r u c t o s e - b i s p h o s p h a t a s e (EC 3 . 1 . 3 . 1 1 ) - p o t a t o 
gi 4 4 0 5 9 1 ( X 7 6 9 4 6 ) f r u c t o s e - 1 , 6 - b i s p h o s p h a t a s e [ S o l a n u m t u b e r o s u m ] 
L e n g t h = 340 
S c o r e = 59.3 b i t s (141), E x p e c t = 3 e - 0 9 
I d e n t i t i e s = 2 7 / 3 0 (90%), P o s i t i v e s = 2 8 / 3 0 (93%) 
Query： 78 N R * K Y C W F D P L D G S S N I D A G V N I G T I F G I 167 
N R K Y C W F D P L D G S S N I D G V + I G T I F G I 
S b j c t : 112 N R G K Y C W F D P L D G S S N I D C G V S I G T I F G I 141 
s p | P 0 9 2 0 2 I F 1 6 P _ S C H P 0 F R U C T O S E - 1 , 6 - B I S P H O S P H A T A S E 
( D - F R U C T O S E - 1 , 6 - B I S P H O S P H A T E 1 - P H O S P H O H Y D R O L A S E ) (FBPASE) 
gi 8 2 8 0 0 | p i r | | B 2 8 6 5 3 f r u c t o s e - b i s p h o s p h a t a s e (EC 3 . 1 . 3 . 1 1 ) - f i s s i o n y e a s t 
gi 1 7 3 3 8 6 ( J 0 3 2 1 3 ) f r u c t o s e - 1 , 6 - b i s p h o s p h a t a s e [ S c h i z o s a c c h a r o m y c e s p o m b e】 
L e n g t h = 347 
S c o r e = 4 6 . 9 b i t s (109), E x p e c t = 2 e - 0 5 
I d e n t i t i e s = 2 0 / 2 6 (76%), P o s i t i v e s = 2 3 / 2 6 (87%) 
Query： 90 Y C W F D P L D G S S N I D A G V N I G T I F G I 167 
Y V D P + D G S S N I D A G V + + G T I F G I 
S b j c t : 128 Y A V T C D P I D G S S N I D A G V S V G T I F G I 153 
s p | P 0 9 2 0 1 I F 1 6 P _ Y E A S T F R U C T O S E - l , 6 - B I S P H O S P H A T A S E ( D - F R U C T O S E - l , 6 - 3 I S P H O S P H A T E 
1 - P H O S P H O H Y D R O L A S E ) ( F B P A S E ) 
gi 6 7 2 4 4 | p i r | | P A B Y f r u c t o s e - b i s p h o s p h a t a s e (EC 3 . 1 . 3 . 1 1 ) - y e a s t 
gi 3 6 9 8 (Y007 5 4 ) f r u c t o s e - 1 . 6 - b i s p h o s p h a t a s e (AA 1 - 348) [ S a c c h a r o m y c e s c e r e v i s i a e ] 
gi 1 7 1 5 0 8 ( J 0 3 2 0 7 ) f r u c t o s e - l , 6 - b i s p h o s p h a t a s e [ S a c c h a r o m y c e s c e r e v i s i a e ] 
gi 6 0 9 4 2 2 ( U 1 9 1 0 3 ) Fbplp： f r u c t o s e - l , 6 - b i s p h o p h a t a s e [ S a c c h a r o m y c e s c e r e v i s i a e ] 
L e n g t h = 348 
S c o r e = 4 0 . 6 b i t s (93), E x p e c t = 0 . 0 0 1 
I d e n t i t i e s = 1 8 / 3 0 (60%), P o s i t i v e s = 2 2 / 3 0 (73%) 
Q u e r y : 78 N R * K Y C W F D P L D G S S N I D A G V N I G T I F G I 167 
N Y V D P + D G S S N + D A G V + + G T I I 
S b j c t : 119 N T G S Y A V C C D P I D G S S N L D A G V S V G T I A S I 148 
Fig. 2.30. BLASTX window showing the search results of BlRu250M-6. Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 
shows the alignment results of BlRu250M-6 to the amino acid sequence of the 
FRUCTOSE-1,6-BISPHOSPHATASE (FBPASE) in Solanum tuberosum, 
Schizosaccharomyces pombe, a n d Saccharomyces cerevisiae. 
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Score E 
Sequences producing significant alignments: (bits) Value 
gb U59075 LLU59075 Lentinula lateritia 18S small subunit riboso . . . 466 e-130 
gb L36659 LPORRDA Lepiota procera ribosomal RNA small subunit g .. . 448 e-124 
gb M92991 CCIRRNA Coprinus cinereus ribosomal RNA . 448 e- 124 
gb U09538 BSU09538 Basidiomycete symbiont of Atta cephalotes 16 . . . 440 e-122 
gb AF0266241AF026624 Crucibulum laeve 18S ribosomal RNA gene, p .. . 
gb u590881psu59088 Panellus serotinus 18S small subunit ribosom .. . 
dbj IAB0060051AB006005 Tretopileus sphaerophorus 18S rRNA gene, .. . 
gblAF026590 lAF026590 Panellus serotinus 18S ribosomal RNA gene, . . . 
gb U095361BSU09536 Basidiomycete symbiont of Cyphomyrmex rimosa .. . 







gblU590751LLu59075 Lentinula lateritia 18S small subunit ribosomal RNA gene, 
partial sequence 
gil2576450lgblAF0265961AF026596 Lentinula lateritia 18S ribosomal RNA gene, 
partial sequence 
Length = 1775 
Score = 466 bits (235), Expect = e-130 
Identities = 237/238 (99%), Positives = 237/238 (99%) 
Query: 18 cagaacatctaagggcatcacagacctgttattgcctcaaacttccgtcagctagacgct 77 
11111111111111111 11 111 1111111111111 1111111111111111 11111111 Sbjct: 1450 cagaacatctaagggcatcacagacctgttattgcctcaaacttccgtcagntagacgct 1391 
Query: 78 gacagtccctctaagaagccggcgaccatccgaagacggcctggctatttagcaggttaa 137 
11111111111111111111111111111111111111111111111111 1111111111 
Sbjct: 1390 gacagtccctctaagaagccggcgaccatccgaagacggcctggctatttagcaggttaa 1331 
Query: 138 ggtctcgttcgttatcggaattaaccagacaaatcactccaccaactaagaacggccatg 197 
111111111111111111 I11 111111111111111 111111111111111111111111 
Sbjct: 1330 ggtctcgttcgttatcggaattaaccagacaaatcactccaccaactaagaacggccatg 1271 
Query: 198 caccaccacccataaaatcatgaaagagctatcaatctgtcaatcctagttatgtctg 255 
1111111111111111111111111111111111111111111111111111111 I11 
Sbjct: 1270 caccaccacccataaaatcatgaaagagctatcaatctgtcaatcctagttatgtctg 1213 
Fig. 2.31. BLASTN window showing the search results of BIRu280A-4. Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 




~equences producing significant alignments: (bits) Value 
648 0.0 
638 0.0 
b u590751LLu59075 Lentinula lateritia 18S small subunit riboso .. . 









b u59090lpsu59090 Panel1us stipticus 18S small subunit ribosom .. . 
b AF0265891AF026589 Pane11us stipticus 18S ribosomal RNA gene, .. . 
b L36658jAEDRGDA Agaricus bisporus ribosomal RNA small subunit . . . 
b M5 5638 ATERR16 S At hel ia bombacina 16S- l i ke ribosomal RNA gene . 
b AF0 266191 Lycoperdon sp. DSH 96 - 054 18S r i bos omal RNA gene , .. . 
b U590811LUU59081 Lentinellus ursinus 18S small subunit riboso .. . 
b AF0266031AF026603 Aleurodiscus botryosus 18S ribosomal RNA g .. . 
b AF026579 AF026579 Lentinellus omphalodes 18S ribosomal RNA g .. . 
!b 1U59075 1LLU59075 Lentinula lateritia 18S small subunit ribosomal RNA gene, artial sequence il2576450lgblAF0265961AF026596 Lentinula lateritia 18S ribosomal RNA gene, artial sequence Length = 1775 
Score = 648 bits (327), Expect = 0.0 
Identities = 442/472 (93%), positives 442/472 (93%), Gaps 10/472 (2%) 
k
uery : 21 gggtgtatttattannataaaaaaccaacgcggctcgccgc t cacttggtgattcataat 80 
11111111111111 111111111111111111111111111111111 11111111111 
bjct: 191 gggtgtatttattag-ataaaaaaccaacgcggctcgccgctcacttggtgattcataat 249 
k
uery: 81 naacttctcgaatcgcatggccttgtgccggcgatgcttcattcaaatatctgccctatc 140 
I I I I I I I 11 I I I I I I I I I I 11 I I I I I I I I I I I I 11 I I I I 11 I I I I I 11 11 I I I 11 I I I I 
bjct: 250 -aacttctcgaatcgcatggccttgtgccggcgatgcttcat tcaaatatctgccctatc 308 
b
uery: 141 aactttcgatggtaggatagaggcctaccatggtttcaacgggtaacggggnaataaggg 200 
11111111111111111111111111111111111111111 1111111 111 11111111 
bjct : 309 aactttcgatggtaggatagaggcctaccatggtttcaacgggtaacgggg-aataaggg 367 
k
uery: 201 ttcgattccggagagggagcctgagaaacggctaccacatccaaggaaaggcagcaggcg 260 
11111111111111111111111111111111111111111111 1111 11111111 
bjct: 368 ttcgattccggagagggagcctgagaaacggctnccacatccangg-aaggnagcaggcg 426 
k
uery : 261 cgcaaattacccaatcccgacacggggaaggtantgacaataaataacaatataagggct 320 
111111111111111111111111111 11111 1111111111111111111 111111 
bjct: 427 cgcaaattacccaatcccgacacgggg-aggtagtgacaataaataacaatat-agggct 484 
k
uery : 321 ctttcgggtctttataattgggaatgagtacaatttanatcccttaacgaaggaacaatt 380 
11111111111111111111111111 11111111 11111111111 1111111111 
bjct: 485 ctttcgggtc - ttataatt-ggaatgagwacaatttaaatcccttaacg-aggaacaatt 541 
b
uery : 381 ggaagggcnntctggtgccancaaccgcggtaattccagctccaatancgtatattaaat 440 
11111 111111111111 1111111111111111111111 1 11111111111 
bjct: 542 ggagggcaagtctggtgccagcagccgcggtaat~ccagctccaatagcgtatattaaag 601 
k
uery : 441 ttgttgca- ttaaaaagctcgtanttgaacttcangcttggtccggtggtcc 491 
1111 III 11111111111111 1111111111 11111111 11111111 
bjct: 602 ttgtngcagttaaaaagctcgtagttgaacttcaggcttggtcgggtggtcc 653 
Fig. 2.32. BLASTN window showing the search results of Au lOOOA-I. Upper box 
shows the 10 genes having the highest scores in sequence alignment. Lower box 




RAP-PCR is very effective in identifying differentially expressed genes during 
the development of L edodes. From the 22 RNA fingerprints generated, 40 
differentially expressed RAP-products were isolated. Ten selected RAP-products were 
cloned and sequenced, 4 of them having high homology with other known sequences 
in the databank (with regional identity >50%), including those genes involved in cell 
cycle control, regulation of gluconeogensis, and intracellular molecule targeting, and 
transcriptional regulation. The results imply that these cellular mechanisms may play 
important roles during the development of the mushroom. 
In this study, I had tried both the single and the double priming protocols of 
RAP-PCR. Theoretically, double priming should give more ‘bands’ in the fingerprint 
than by a single primer, because the chance of template annealing is increased if two 
different primer sequences are available. However, the results show that the number 
of RAP-products in a fingerprint and the yield of differentially expressed bands are 
not correlated with the number of primers employed in the reaction. In deed, the 
number of bands in each fingerprint depends on how well the primer sequence 
matches with that of the template during the low-stringency cycles; in other words, the 
arbitrarily chosen primer controls the success or the failure of an RNA fingerprint. 
Therefore, it is necessary to screen the primers first for their ability to generate decent 
fingerprints by testing on a single RNA sample (e.g., mature fruit body RNA, which is 
more plentiful). Those primer combinations that give more than 10 bands are selected 
because they have better chance to generate RNA fingerprints with differential bands. 
This simple screening can save us from wasting precious RNA samples and expensive 
reaction components. 
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The results also show that RAP-PCR is very sensitive to minor changes in 
reaction conditions. For example, both RNA fingerprints in Fig. 2.5 (b) and (h) were 
generated with the same primer, LEPRL\UP1, in two separate reactions done on 
different days, but the resulting patterns are totally different. Another example, but 
less dramatic, can be found in Fig. 2.5 (e) and (g), for which both fingerprints were 
generated with the primer combination LEPRJBLP1 & LERASUP1. The overall 
patterns are similar, with all the major bands (like the bright 270bp-band appears in all 
stages) present; however, the distribution of differentially expressed RAP-products 
has been changed. The same phenomenon is also observed in Fig. 2.6, where the 
fingerprints generated by two different concentrations of first-strand cDNA were 
compared side by side. It seems that RAP-PCR is highly susceptible to changes in 
template quality (RNA degradation might contribute to the completely different 
patterns in Fig. 2.5 (b) and (h)) and template concentrations. Xie (1996) has pointed 
out that differences in reverse transcriptase concentration also result in different 
fingerprint pattems. Therefore, it is crucial to perform control experiments such as 
comparing fingerprints generated from two or more RNA concentrations for each 
sample in parallel, and repeating the fingerprints with new preparations of RNA in 
order to eliminate intra-sample variation due to slight differences in RNA quality or 
concentration, and to increase the certainty of detecting real difference in gene 
expression (Welsh etal., 1992; Sompayrac etal., 1995). 
Since the reproducibility of RAP-PCR is in question, it is advantageous to 
employ a secondary-screening, like dot-blot analysis, to eliminate false-positives 
being generated. The resulting data show that consistency between RAP-PCR and dot-
blot is low: only 6 out of 40 RAP-fragments showed similar differential expression 
patterns in the two methods, which is even lower than that reported in Mou et al. 
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(1994). As the normalized readings that showed the trend of elevated expression in the 
mature fruit body stage was suspected (see section 2.3.3), it seems that technical or 
other problems may contribute to such a high proportion of inconsistent results. 
The first problem is the concentration variation of the radioactive cDNA 
probes among the 4 stages. Although synthesis started with equal amount of RNAs, 
different amounts of cDNAs were generated due to the difference in reverse 
transcription efficiency during probe production. Inhibitors, such as polyphenol, may 
be present in different amounts in the four RNA samples and thus lowered the activity 
of reverse transcriptase to different extents. Such speculation is not unreasonable since 
brownish pigments are usually observed in RNA preparations of fruit bodies, (see Fig. 
2.8, the overall hybridization signals in young and mature fniit body stages are 
significantly lower than that in the other two stages) . Although I tried to compensate 
for this variable by normalizing the signal readings with the control, too great of 
differences could still affect the accuracy of the quantitative analysis. For 
improvement, we can quantify the cDNA concentrations of the 4 stages by 
spectrophotometric measurements or by running an agarose gel after reverse 
transcription, so to standardize the amount of cDNAs before radiolabeling. 
Scintillation counting should be done to see whether the amounts of incorporation 
vary among the 4 stage cDNA probes. 
The second problem is the heterogeneity of the RAP-products isolated from 
the agarose gel. Different species of DNA with similar size migrate as a single band 
on the gel, thus, the RAP-fragments of interest are always contaminated with 
irrelevant sequences. In other words, the reamplified RAP-products dotted on the 
membrane probably are a mixture of sequences. If those unrelated sequences contain 
abundantly expressed genes like those house-keeping genes and structural genes, their 
7 9 
^ 
hybridization signals will mask that of our target and the expression pattem of the 
target mRNA would not be shown. Resolving fingerprints on gels with higher 
resolving power, like the polyacrylamide gel, may help to minimize the unrelated 
sequences, but the ultimate solution is to clone the RAP-fragments to ensure 
homogenous cDNA species on each dot of the membrane. 
Other suggestions are likely to improve the yield and accuracy of isolating 
differentially expressed genes by RAP-PCR. For example, using polyacryamide gel 
for the resolution of RNA fingerprints and employing a more robust staining method 
(e.g., silver stain) can greatly increase the number of RAP-products being observed 
and differential bands being isolated. On the other hand, in order to minimize the 
effects of growth substrate on the differential gene expression during development, 
one should attempt to extract mycelial RNA from the mycelium growing on sawdust 
composts instead of liquid medium. For the later gene expression analyses, a proper 
internal control should be established. Sequence analyses showed that both the 
'control fragments' isolated from the RNA fingerprints, BlRu280A and AulOOOA, are 
the ribosomal RNA genes, which serve poorly as a precise control if being use in a 
more sophisticated technique like RT-PCR because the transcription level of rRNA is 
much higher than most of the differentially expressed genes, and this makes 
comparison difficult and inaccurate. Genes that are constitutively expressed during the 
development of L edodes should be better controls, however, only the Le.ras gene 
was reported by Hori et aL (1991) as not being developmentally regulated. Apart from 
Le.ras, the GAPDH gene is quite popularly used as the internal control for expression 
studies in other systems. These two genes are worth trying to establish as the intemal 
control for L edodes developmental studies. 
8 0 
In the next chapter, the use of Northern-blot hybridization to study the 
expression pattem of those sequenced RAP-fragments having homology with known 
genes is described. Constitutive expressions of the ras and GAPDH genes during the 
development of L. edodes are also studied. 
81 
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Chapter Three Expression Pattern Analysis by Northern Blot 
Hybridization 
3.1 Introduction 
Northern blot hybridization (Alwine et aL, 1977; Lehrach et al., 1977) is 
considered as a standard method to verify the differential expression pattem of 
transcripts isolated from RAP-PCR (Welsh et al., 1992). Although other methods like 
RNase protection assays (Zinn et aL, 1983; Melton et al., 1984) and reverse 
transcriptase-polymerase chain reaction (RT-PCR; Kawasaki and Wang, 1989) are 
quite commonly used, Northern blot analysis is usually chosen as the first step to 
study gene expression at the transcriptional level for the following reasons. First, since 
Northern blot hybridization analyzes size-fractionated RNA molecules, it can provide 
information about transcript sizes and is able to detect additional transcripts generated 
by alternative splicing. Second, although Northern blot is less sensitive in detecting 
rare transcripts than RT-PCR and RNase Protection assays (1-10 vs. 0.01-1 picograms 
of transcripts; Sagerstr6m and Sive, 1996), it requires less optimization than does the 
other two methods. Quantitation is easy in Northern blot analysis as long as the probe 
is in excess, besides, both 28S and 18S ribosomal RNA can be used as the controls to 
ensure equal RNA loading; but in RT-PCR, significant optimization of the primers 
and reaction conditions is required each time a new transcript is to be analyzed, and an 
internal control is needed for template normalization in order to get accurate 
quantitative results. 
In the first part of this chapter, I tried to establish the ras and GAPDH genes in 
L. edodes as the internal controls for the expression studies during its development. 
Le.ras was first cloned from Shiitake mushroom by heterologous hybridization using 
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v-Ha-ras as the probe (Hori et al., 1991) since it was suspected to be responsible for 
the regulation of the elevated cAMP level during fruiting of the mushroom. However, 
Northern analysis of Le.ras yields a transcript of size 1.2 kb which is not 
developmentally regulated. Therefore, I tried to repeat the experiment by using a 
fragment of Le.ras as probe, and to see if it is constitutively expressed during the 
development of L edodes L54. 
Glyceraldehyde-3-phosphate dehydrogenase {GAPDH) is a key enzyme in 
glycolysis (Sirover, 1997). It is considered as a constititively expressed housekeeping 
gene and very often served as the control to normalize gene expression data in 
quantitative studies like Northern blot analysis and RT-PCR. Both the nucleotide and 
the predicted amino acid sequences of GAPDH are highly conserved among the 
basidiomycetes, and have been employed for their phylogenetic analysis (Harmsen et 
fl/.，1992; Kreuzinger et al., 1996). A pair of PCR primers that was designed by 
comparison of the sequences of several fungal GAPDH genes by Kreuzinger and his 
colleagues (1996) was used for the amplification of the GAPDH gene in L edodes, 
and the fragment obtained was used as the probe in Northern blot analysis to see if 
GAPDH can serve as an internal control during L edodes development. 
In the second part of this chapter, the differential expressions of the selected 
RAP-clones were verified by Northern blot analysis. Those clones include Au500F-l, 
which is homologous to CyclinB, Au400P-l , a homologue of Cdc39, and BlRu250M-
6’ which encodes fructose-1,6-bisphosphatase. Moreover, C4-250P, a RAP-fragment 
isolated by M. Zhang of our lab, which is highly homologous to mitogen-activated 
protein kinase (MAPK), was also tested. TRI REAGENT® (Molecular Research 
Center, Inc.) was used to extract high quality total RNAs from the samples taken from 




cold-shock induction, was included to study the effect of fruiting induction on these 
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t' genes. 
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3.2 Materials and Methods 
3.2.1 Primer design and PCR amplification of Le.ras fragment 
A pair of PCR primers, nRASUp2 and nRASLp2, was designed with the 
software OLIGO 4.0 based on the DNA sequence of Le.ras (Hori et aL, 1991; 
accession no.: D00742). The sequence of nRASUp2 is 5'-
AGCGTGGCACAGATTCATAC-3 ‘, whereas nRASLp2 is 5'-
CGGCCACTAGTTTGTTGTTC-3‘. The PCR reaction was set up as follows: lOng of 
L. edodes L54 genomic DNA, IX Pfu reaction buffer (20mM Tris-HCl [pH8.8], 
lOmM KC1, lOmM (NH4)2SO4, 2mM MgSO4, O.l% Triton® X-100, O.lmg/ml 
nuclease-free BSA), 0.5^M nRASUp2, 0.5^M nRASLp2, 200^M each dATP, dCTP, 
dGTP, dTTP, and 5U Pfu DNA polymerase. ‘Touchdown’ PCR was performed as in 
section 2.2.4.1，the PCR product was then resolved on a 1% agarose gel. The product 
with expected size was gel purified with QIAEX^^i (Qiagen). 
3.2.2 Primer design and PCR amplification of L edodes GAPDH gene 
The primers used for the amplification of L. edodes GAPDH gene were the 
modifications of primers CTK-052 and CTK-032rev from Kreuzinger et al, 1996. The 
upper primer, B-GPDUpl , was designed with a BamHI site and having the sequence 
5'-CGGGATCCGGCCGTATCGTCCTCCGTAATGC-3 ‘ ； the lower primer, P-
GPDLpl , has the sequence 5 ‘ -AAACTGCAGTAACCGCATTCGTTATCGTACC-3 ‘ 
with a PstI site inserted. One ^ig of L54 genomic DNA and 50ng of mature fruit body 
cDNA were used as templates in the PCR reactions, and gDNA and cDNA of L 
edodes GAPDH were amplified by Pfu DNA polymerase with the reaction set-up as 
described in section 2.2.4. The amplification reaction was carried out as follows: 8 
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cycles consisted of denaturation for 90 sec at 95°C, primer annealing for 30 sec at 
54°C and 90 sec at 48°C, and extension for 90 sec at 72°C, followed by another 30 
cycles consisted of 95°C for 1 min, 54°C for 30 sec, 48°C for 50 sec, and 7 2 � C for 1 
min. Finally a single cycle of 9 5 � C for 1 min, 5 4 � C for 20 sec, 5 0 � C for 20 sec, and 
72°C for 10 min was performed. The holding temperature was 28°C. The PCR 
products were resolved by 1% agarose gel electrophoresis. 
3.2.3 Cloning and sequencing of L. edodes GAPDH gene 
The PCR product from cDNA was cloned into SrfI site of pCR-Script as 
described in 2.2.6.1., and gDNA of L edodes GAPDH was cloned into BamHI and 
PstI sites of pBluescript SKII(-) (Stratagene). 
Both 13^il of purified GAPDH gDNA PCR product and lp,g of pBluescript 
SKH(-) were digested with 15U BamHI and 15U PstI (Pharmacia) in IX One-Phor-
All Buffer Plus (Pharmacia, lOmM Tris-acetate [pH 7.5], lOmM magnesium acetate, 
50mM potassium acetate), at 3TC for 2.5 hours. The reactions were resolved by 1% 
agarose gel electrophoresis in IX TAE and the digested products were gel purified. \n 
an eppendorf tube, 20ng of the digested pBluescript SKU(-), 40ng of the digested 
insert, l^il 10X ligase buffer, l^il lOmM rATP, l^il T4 DNA ligase (4 Weiss JJ/pd) and 
ddH2O to a final volume of _ were added. Ligation was performed at 15°C for 3 
hours and then transformed in competent cells as described in 2.2.6.3. Colonies with 
inserts were confirmed by blue-white selection and PCR screening (see 2.2.6.4). 
The procedures of plasmid extraction and cycle sequencing of clones with 
gDNA and cDNA of L edodes GAPDH were the same as in sections 2 .2 .6 .4 , 2.2.6.5. 
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3.2.4 Northern blot analysis 
3.2.4.1 RNA extraction with TRI REAGENT® 
L. edodes L54 was growth on sawdust compost as described in 2.2.1. Samples 
from all developmental stages, including mycelium, were obtained directly from the 
compost. Mycelium obtained just after the 2-month incubation in the dark was 
designated as vegetative mycelium, Mo； whereas mycelium isolated from the compost 
3 days after fruiting induction was called induced mycelium, Mi. Mycelium was 
removed from the compost with a sterile forcep, then immediately frozen in liquid 
nitrogen to prevent RNA degradation. 
TRI REAGENT® (Molecular Research Center, Inc.) was employed for the 
isolation of total RNAs from five developmental stages: vegetative mycelium (Mo), 
induced mycelium (Mi), primordium (P), young fruit body (YF), and mature fruit body 
(MF). The sample was pulverized in a frozen mortar with liquid nitrogen, then 1ml 
TRI REAGENT® together with O.lg sample were transferred into an eppendorf tube. 
The mixture was vortexed at low speed for 5 min at room temperature, then cell debris 
was pelleted by centrifugation at 12,000 g for 10 min at 4°C. The clear supernatant 
was transferred to a new tube with 0.2ml chloroform and vortexed vigorously for 15 
sec. The mixture was kept at room temperature for 2-15 min and centrifuged at 
12,000 g for 15 min at 4°C. After centrifugation, the upper aqueous layer was 
transferred to a new tube, 0.25ml of high salt precipitation solution (0.8M sodium 
citrate, 1.2M NaCl) and 0.25ml of isopropanol were added and mixed. The sample 
was stored at room temperature for 5-10 min, then RNA was pelleted by 
centrifugation at 12,000 g for 8 min at 4°C. The pellet was washed with 1ml 70% 
ethanol, air-dried, and dissolved in 15-20uI DEPC-treated water. 
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3.2.4.2 RNA fragmentation by formaldehyde gel electrophoresis 
Before running an RNA gel, all plastic ware in contact with the gel and 
running buffer - gel tank, casting tray, comb - were soaked in 3% hydrogen peroxide 
for 45 min then rinsed several times with DEPC-treated water. To prepare 80 ml 1.2% 
formaldehyde agarose gel, 0.96g agarose was melted in 56 ml DEPC-treated water. 
When the agarose cooled to 55-60�C ’ 16 ml 5x MOPS running buffer (O.lM MOPS, 
40mM sodium acetate, 5mM EDTA, pH 8.0) and 8 ml 37% formaldehyde were added 
and mixed gently. After casting, the gel was allowed to stand for at least an hour to 
solidify. RNA loading buffer was added to each RNA sample, the resulting mixture 
consisted of 20^ig of RNA, 50% formamide, 3.7% formaldehyde, 0.5x MOPS running 
buffer and 0.8p,g ethidium bromide. Six [ig of RNA ladder (GibcoBRL) together with 
2pi 10x loading buffer (50% glycerol, l m M EDTA, pH 8.0，0.4% bromophenol blue, 
0.4% xylene cyanol) was also prepared as above. Prior to loading, the sample was 
denatured at 65°C for 5 min then snapped on ice, whereas the gel was pre-run in l x 
MOPS running buffer at 5V/cm for 5 min. Electrophoresis was carried out at 3V/cm 
until the bromophenol blue dye was 3 cm from the end of the gel. 
3.2.4.3 Northern blotting 
The formaldehyde agarose gel was rinsed in several changes of DEPC-treated 
water to remove the formaldehyde. RNA from the gel was then transferred to a nylon 
membrane by the capillary transfer method. A glass baking dish was filled with 20x 
SSC (3M NaCl, 0.3M sodium citrate) and a glass plate was placed on top of the dish 
to form a platform. A filter paper wick (Whatman 3MM paper) saturated with 20x 
SSC was placed on the platform with its ends submerged into the 20x SSC. The gel 
88 
was carefully placed on the wick in an inverted position and care was taken to prevent 
introducing air bubbles between them. A piece of nylon membrane (Hybond-N, 
Amersham) with the size of the gel was wetted with the transfer buffer and placed 
onto the gel. Bubbles trapped between the gel and the membrane were smoothed out 
with a glass rod. Parafilm was used to surround the gel to prevent "short-circuit" of 
the transfer buffer. On top of the nylon membrane, two pieces of 3MM wetted with 
20x SSC, a stack of dry paper towels (5-8cm high), a glass plate, and a 500-g weight 
were placed in that order. The blotting was allowed to proceed overnight, then the 
membrane was removed from the set-up with a pair of forceps and air-dried. RNA on 
the nylon membrane was fixed by UV crosslinking. 
3.2.4.4 Preparation of probes 
DNA (25-50ng; prepared as Table 3.1) was labelled with a - ^ ¥ by 
Megaprime™ DNA labelling systems (Amersham), followed by nick column 
purification and heat denaturation as described in section 2.2.5.2. 
Table 3.1. Conditions for template preparation of the probes in Northern blot analyses 
“ G E N E ~ TEMPLATE PREPARATION H p ^ 
Primers Template Size of probe conditions 
ras N RA S U p2& genomicDNAof 6lObp 3.2.1 and 
nRASLp2 L. edodes L54 gel purified 
GAPDH T 3 & T 7 ~ ~ G P D cDNA3 9 5 0 + 160bp reaction mix 
plasmid DNA as in 
CyclinB T 3 & T 7 Au500F-l 500 + 160bp 2.2.6.3 
plamsid DNA followed 
Cdc39 T 3 & T 7 Au400P-l 400 + 160bp by 
plasmid DNA ‘touchdown, 
F16BP T 3 & T 7 BlRu250M-6 250 + 160bp PCR as in 
plasmid DNA 2.2.4 
MAPK HAMKUp5 & P + MF first L5^ 4.2.5.2 and 
MKLp4 strand cDNA gel purified 
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3.2.4.5 Hybridization and stringency washes 
In a hybridization tube, lOcm^/ml of hybridization solution (5x SSPE [0.9M 
NaCl, 0.05M sodium phosphate, 5mM EDTA], 5x Denhardt's solution [0.1% BSA, 
0.1% Ficoll™, 2% PVP], 0.5% SDS, 50% formamide, 20^g/ml denatured Salmon 
sperm DNA) was equilibrated to 42°C, and then the membrane was pre-hybridized at 
42°C for 4 hours. The heat-denatured probe was added into the hybridization solution 
and the tube was incubated at 42°C for about 16 hours with continuous rotation. 
After hybridization, stringency washes were followed. For the northem blots 
of Cdc39, F16BP and CyclinB, the membranes were rinsed twice with 2x SSPE + 
0.1% SDS at room temperature. Then, l x SSPE + 0.1% SDS, 0.5x SSPE + 0.1% SDS 
and O.lx SSPE + 0.1% SDS were used to wash the membranes once each at 5 0 � C for 
15 min. Stringency washes for GAPDH were carried out at 65°C instead 50°C; 
whereas for Le.ras, the membrane was washed twice with 2x SSPE + 0.1% SDS at 
room temperature each for 10 min, following with a 15-min wash in l x SSPE + 0.1% 
SDS, and the other one in O.lx SSPE + 0.1% SDS. The blot of MAPK was washed 
only once in l x SSPE + 0.1% SDS at 5 0 � C for 15 min. After the stringency washes, 
the membranes were wrapped in plastic wraps and ready for autoradiography as 
described in section 2.2.5.4. 
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3.3 Results 
3.3.1 Establishing an internal control for expression level studies I: Le.ras 
A 610bp genomic DNA fragment of Le.ras was PCR amplified using the 
primers nRASUp2 and nRASLp2 (Fig. 3.1). After gel purification, the PCR product 
was prepared as a radioactive probe as described in 2.2.5.2. For the preparation of the 
blot, 24p,g of each of the total RNA extracted in 2.2.2 were fractionated on a 0.8% 
denaturing gel and then transferred to a Hybond-N membrane. The signals obtained 
after hybridization and stringency washes were shown in Fig. 3.2. Two transcripts of 
sizes 1.3kb and l , l kb were present in all four stages, with different abundance during 
the development of the mushroom. 
3.3.2 Establishing an internal control for expression level studies II: GAPDH gene 
The region within the open reading frame of the gene encoding 
glyceraldehyde-3-phosphate dehydrogenase was successfully amplified from both 
genomic DNA and cDNA of L edodes using the primers B-GPDUpl and P-GPDLpl 
(Fig. 3.3). A single band with size 950bp was amplified from cDNA, whereas 3 bands 
were resolved from the gDNA PCR-products. Since the size of the 1.25kb band 
corresponded perfectly with the expected size of the fragment calculated from the 
GAPDH sequences of A. bisporus, P. chrysosporium, and Schizophyllum communes 
(Harmsen et al, 1992)，it was excised from the gel. The 1.25kb gDNA band and the 
950bp cDNA band were then cloned and sequenced. Partial sequences of these two 
bands were listed in Fig. 3.4 and 3.5, and sequence analyses showed that both of them 
encoded glyceraldehyde-3-phosphate dehydrogenase (Fig. 3.6 a,b). 
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Fig. 3.7 showed the fractionated total RNAs prepared before the transfer. The 
sizes of the 28S and 18S ribosomal RNA of L edodes were found to be 3.15kb and 
1.80kb respectively. The rRNA bands served as the loading control, ensuring equal 
amount of RNAs were loaded onto every lane. Titrations of two sets of the RNAs 
were mn side by side to improve uniform loading. Northem blot hybridization was 
done as described in 3.2.4. Intensity of the hybridization signals were quantified with 
the phosphor imager, showing that the GAPDH gene was also not constitutively 
expressed during the development of L edodes (Fig. 3.8，Table 3.2) 
3.3.3 Northern blot hybridizations of RAP-fragments 
As the expression of both Le.ras and GAPDH were not constitutive, 18S and 
28S rRNAs were used as the loading control in the northem blot analyses of Cdc39 
(Au400P-l), Cyclin B (Au500F-l), and MAPK (C4-250P) (Fig. 3.9). Hybridization 
signals were quantified with densitometry, and their expression levels in terms of fold 
difference were listed in Table 3.3. The results showed that the expression patterns of 
all three genes agreed with that of their original RNA fingerprints - with the 
abundance of Cdc39 and MAPK peaked at primordium, and an 8.6-fold increase of 
Cyclin B level in the mature fmit body stage. The F16BP probe failed to get any signal 
in the Northem blot hybridization, probably because of its low expression level and 
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800bp _ ^ ^ ^ H m ^ ^ 2 ^ _ ras, 610bp 
Fig. 3.1. A 610bp-fragment of Le.ras, PCR amplified by primers nRASUp2 and 
nRASLp2 from lOng of L. edodes L54 genomic DNA; gel purified with QIEAX™. 
M, 100bp DNA ladder. 
M P YF MF 
^ ^ ^ ^ ^ ^ ^ ^ | 一 
乙么腿 ^ ^ ^ ^ ^ ^ 一 l . l k b 
纖 ^ 9 
Fig. 3.2. Northern blot hybridization of Le.ras. Upper panel: hybridization signal of the 
6lOh^-Le.ras probe against 24p,g of total RNA from the four developmental stages. M, 
mycelium; P, primordium; YF, young fruit body;MF, mature fruit body. Arrowheads 
show the two alternative transcripts of Le.ras. Lower panel : ethidium bromide stained 
28S and 18S ribosomal RNA bands served as loading control, 0.8% formaldehyde 
denaturing agarose gel. 
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Fig. 3.3. PCR amplification of GAPDH gene of L edodes using primers B-GPDUpl 
and P-GPDLpl . Lane 1’ PCR products amplified from genomic DNA; lane 2, PCR 
product amplified from cDNA. Arrowheads indicate the 1.25kb genomic fragment 
and the 950bp cDNA fragment encoding L edodes GAPDH to be excised and cloned. 
5 ^il of each of the reactions were loaded. M, 100bp DNA ladder. 
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1 TTTGTNGACC CTGAAGTCAN GTTGTGCAGT CAACGAGTGC GTANTCTCAT 
5 1 CATACTAGGC ATCGTAAAAG GAATTCATTT TCCACAGCCC TTTCATTGCT 
1 0 1 CTTGAGTACA TGGTGCGGGT TGCATCCCCA ATCTGATCGC ATTTTCGTAC 
1 5 1 TTAGAGATGT NTTTACTCTG GTGCTACCTA GGTCTACATG TNCAAGTATG 
2 0 1 ACTCCGTCCA CGGACGTTTC AAAGGCACTG TCGAGACTAA GGGCGGGCAA 
2 5 1 GCTCATCGTC GACGGAAAGG AATCTCCGTC TTCGGTGAGA AGGATGCTGG 
3 0 1 TGCTATTCCT TGGAGCTCTG TCGGTGCANA GTACATAGTC GAATCTACCG 
3 5 1 TGCGTCACTC TGATTTCCTT TCATGATCTG GTATCACTGC CNTTTTGTTT 
4 0 1 CTCATCTCCA GGTGTCTCAC ACAATGAAAG GCTCTGCTCC TTGAAGGTGG 
4 5 1 TGCAANAAAT CNCACTCTGC NCTTCAGNGA TNNCTATTTC TTTGTGTGTN 
Fig. 3.4. Partial nucleotide sequence of L edodes GAPDH gDNA (5'-3 ') 
1 GACAAGTCTT GTNGAGCTGA ATCCGGCGGT AGCATCGAAG ATAGAAGAGT 
5 1 GGTTGTCCCC AATGAAGTCG GTGGAAACAA CATGGTCCTC AGTGTAGCCT 
1 0 1 AAGATACCTT GAGAGGACCC GAGAGGCTTC TTTGACAGCA GCTTTGATCT 
1 5 1 CGTCGTAGGT TGCACTCTTT TCGGTACGGC AAACAAGGTC GACTACCGAA 
2 0 1 ACGTCGAGGG TAGGAACACG GAAGGCAAGA CCGGTCAACT TTCCGTTGAG 
2 5 1 CGAAGGAATA ACCTTTCCGA CAGCCTTGGC AGCACCAGTT GAAGAAGGGA 
3 0 1 TGATGTTTCC GTTGACAGAA CGACCGCCAC GCCAATCTTT GTTCGAAGGA 
3 5 1 CATCAACAGT CTTCTGAGTA CGGTAGTGGC ATGGACGGTA 
Fig. 3.5. Partial nucleotide sequence of L. edodes GAPDH cDNA (3'-5 ') 
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S m a l l e s t 
Sum 
H i g h P r o b a b i l i t y 
S e q u e n c e s p r o d u c i n g H i g h - s c o r i n g S e g m e n t Pairs： Score P(N) N 
gb M81754 PHAGLYC P h a n e r o c h a e t e c h r y s o s p o r i u m g l y c e r a l . . . 404 2 . 6 e - 2 6 2 
gb U 3 0 6 6 5 A M U 3 0 6 6 5 A m a n i t a m u s c a r i a g l y c e r o l a l d e h y d e - 3 - . . . 335 5.5e-19 2 
gb M81724 S C O G L Y C S c h i z o p h y l l u m c o m m u n e g l y c e r a l d e h y d e . . . 341 3 . 7 e - 1 8 1 
gb U 3 0 6 2 5 B E U 3 0 6 2 5 B o l e t u s e d u l i s g l y c e r o l - 3 - p h o s p h a t e ... 333 1.8e-17 1 
d b j I D 8 8 4 2 6 | D 8 8 4 2 6 L y o p h y l l u m s h i m e j i m y c e l i a , y o u n g m y . . . 315 6 . 1 e - 1 6 1 
gb U 3 0 8 7 6 L D U 3 0 8 7 6 L a c t a r i u s d e t e r r i m u s g l y c e r o l - 3 - p h o s . . . 312 l.le-15 1 
gb M 8 1 7 2 8 A E D G L Y C B A g a r i c u s b i s p o r u s g l y c e r a l d e h y d e - 3 - p . . . 287 1.3e-13 1 
g b U 1 0 9 8 3 M A U 1 0 9 8 3 M e s o c r i c e t u s a u r a t u s g l y c e r a l d e h y d e - . . . 251 1 . 4 e - 1 0 1 
gb L 2 3 9 6 1 R A B G L Y 3 P H 0 O r y c t o l a g u s c u n i c u l u s g l y c e r a l d e h y d e . . . 251 1 . 4 e - 1 0 1 
gb U 8 5 0 4 2 B T U 8 5 0 4 2 Bos taurus g l y c e r a l d e h y d e - p h o s p h a t e - . . . 243 6 . 5 e - 1 0 1 
g b I M 8 1 7 5 4 | P H A G L Y C P h a n e r o c h a e t e c h r y s o s p o r i u m 
g l y c e r a l d e h y d e - 3 - p h o s p h a t e d e h y d r o g e n a s e (GPD) g e n e , c o m p l e t e c d s . 
L e n g t h = 1014 .. 
Plus S t r a n d HSPs: 
S c o r e = 404 (111.6 b i t s ) , E x p e c t = 2 . 6 e - 2 6 , Sum P(2) = 2.6e-26 
I d e n t i t i e s = 120/170 (70%), P o s i t i v e s = 120/170 (70%), S t r a n d = Plus / Plus 
Query: 181 G G T C T A C A T G T N C A A G T A T G A C T C C G T C C A C G G A C G T T T C A A A G G C A C T G T C G A G A C T A A 240 , , . , , , , I M I M M M M I 1 1 1 1 IIIMIII l l l l l II l l i l l II I | | | | | | I II 
Sb]ct:: 126 G G T C T A C A T G T T C A A G T A C G A C T C C G T T C A C G G T C G C T T C A A G G G T T C C G T C G A G G C C A A 185 
2uery: 241 G G G C G G G C | A G C T C A T C G T C G A C G G A A A G G A A T C T C C G T C T T C G G T G A G A A G G A T G C T G G 300 
Sbjct: 186 CGACCCCAACCTCTATCTCC3ACQ3CAACCCTiicCAi:Glc"14cGciGiimGiccic^ C 245 
2uery: 301 T G C T A T T C C T T G G A G C T C T G T C G G T G C A N A G T A C A T A G T C G A A T C T A C C G 350 
^. , II Miiii iiiiiiiiii II i m m iim 丨丨 iiii 
Sb]ct: 246 C A A C A T C C C T T G G G G C T C T G T C G G C G C T G A G T A C A T C G T C G A G T C G A C C G 295 
S c o r e = 107 (29.6 b i t s ) , E x p e c t = 2 . 6 e - 2 6 , Sum P(2) = 2.6e-26 
I d e n t i t i e s = 27/34 (79%), P o s i t i v e s = 27/34 (79%), S t r a n d = Plus / Plus 
Q u e r y : 81 T C C A C A G C C C T T T C A T T G C T C T T G A G T A C A T G G T 114 
� ,, I I II 丨丨 iMim II i immi i i 
Sb]ct: 95 T C A A C G A C C C C T T C A T T G A C C T C G A G T A C A T G G T 128 
Fig. 3.6.(a) BLASTN window showing the search results of the genomic fragment of 
L. edodes GAPDH. Upper box shows the 10 genes having the highest scores in 
sequence alignment. Lower box shows the first search result on the list. 
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Score E S e q u e n c e s p r o d u c i n g s i g n i f i c a n t alignments： (bits) V a l u e 
sp P55070 G 3 P _ L A C D T G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E (G... 137 6e-39 
sp Q 3 9 7 6 9 G 3 P C _ G I N B I GLYCERAI^DEHYDE 3 - P H O S P H A T E D E H Y D R O G E N A S E , ... 125 6e-39 
p i r I I S 2 6 9 7 4 g l y c e r a l d e h y d e - 3 - p h o s p h a t e d e h y d r o g e n a s e (EC 1 . 2 . 1 . . . 133 le-38 
sp P 3 4 9 2 2 | G 3 P C _ P E A G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E , C Y . . . 126 le-38 
gi 1931619 (U93208) g l y c e r a l d e h y d e 3 - p h o s p h a t e d e h y d r o g e n a s e [L... 126 le-38 
sp P32638 G 3 P _ S C H C 0 G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E (G... 134 le-38 
sp P34924 G 3 P C _ P I N S Y G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E , ... 126 le-38 
gi 1216050 (F20074) c y t o s o l i c GAPDH [Arabidopsis thaliana] 123 2e-38 
sp P04796 G 3 P C _ S I N A L G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E , ... 123 2e-38 
sp P26519 G 3 P C _ P E T C R G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E , … 125 3e-38 
s p | P 5 5 0 7 0 | G 3 P _ L A C D T G L Y C E R A L D E H Y D E 3 - P H O S P H A T E D E H Y D R O G E N A S E ( G A P D H ) > g i | 9 2 9 9 8 3 
(U30876) g l y c e r o l - 3 - a l d e h y d e d e h y d r o g e n a s e [Lactarius 
d e t e r r i m u s ] 
L e n g t h = 290 
S c o r e = 137 b i t s (341), E x p e c t ( 2 ) = 6e-39 
I d e n t i t i e s = 68/76 (89%), P o s i t i v e s = 71/76 (92%) 
Query: 349 P S N K D W R G G R S V N G N I I P S S T G A A K A V G K V I P S L N G K L T G L A F R V P T L D V S W D L V C R T E 170 
P S N K D W R G G R + V N G N I I P S S T G A A K A V G K V I P + L N G K L T G L A F R V P T D V S W D L V R E 
Sbjct: 169 P S N K D W R G G R A V N G N I I P S S T G A A K A V G K V I P A L N G K L T G L A F R V P T N D V S W D L W R L E 228 
Query: 169 K S A T Y D E I K A A V K E A S 122 
.K A T Y D E I K A V K E A + 
Sbjct: 229 K E A T Y D E I K L A V K E A A 244 
S c o r e = 43.8 bits (101), E x p e c t ( 2 ) = 6e-39 
I d e n t i t i e s = 21/30 (70%), P o s i t i v e s = 24/30 (80%) 
Query： 111 Q G I L G Y T E D H W S T D F I G D N H S S I F D A T A G 22 
+GI+ Y T + D W S T D F I G S S I F D A A G 
Sbjct: 249 K G I I E Y T D D L W S T D F I G S T A S S I F D A G A G 278 
Fig. 3.6.(b) BLASTX window showing the search results of the cDNA fragment of 
L. edodes GAPDH. Upper box shows the 10 genes having the highest scores in 
sequence alignment. Lower box shows the first search result on the list. 
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M o M j P Y F M F M � M ! P Y F M F 
H ^ ^ ^ ^ H H H ^ ^ H ^ ^ H I I ^ ^ H ^ ^ ^ ^ I ^ ^ ^ ^ ^ I ^ ^ H ^ H 
9 . 4 9 _ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H lA6~^^^^^^^^^^^^^^^^^^^^^^^M 
4 . 4 0 " " ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | + 3 . 1 5 k b (28S) 
2 - 3 7 _ | ^ ^ ^ | | p | | | | | f | f ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | + 1 . 8 0 k b (18S) 
1 . 3 5 ~ ^ ^ ^ ^ m l i i l i i ^ i ^ i ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
0 . 2 4 ~ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
(kb) | ^ ^ ^ ^ m m ^ ^ ^ ^ ^ ^ ^ ^ m 
1 8 ^ g 4 . 5 ^ l g 
Fig. 3.7. Total RNA of L edodes fractionated by 1.2 % denaturing agarose gel. 
Arrowheads indicate the 28S and 18S ribosomal RNA. M。，vegetative 
mycelium; Mj, induced mycelium P, primordium; YF, young fruit body;MF, 
mature fruit body. 6 ^g of RNA marker was loaded on the left-most lane. 
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M o M i P Y F M F M � M ! P Y F M F 
GAPUH W « M P 一 一 _ 1 應 
^ ^ ^ S - 1 - 4领,《1^广,、 -- ^ ^ 
r R N A n 2 B 5 2 H H i H B H E E B S C C B ^ ^ ^ ^ ^ H 
1 8 ^ i g 4 . 5 ^ i g 
Fig. 3.8. Northem blot hybridization of L. edodes GAPDH. Upper panel: 1.45kb GAPDH 
transcript from 18^ig and 4.5^ig of total RNA from the five developmental stages. M。， 
vegetative mycelium; Mj, induced mycelium P, primordium; YF, young fruit body;MF, 
mature fruit body. Lower panel: ethidium bromide stained 28S and 18S ribosomal RNA 
bands served as loading control; 1.2% formaldehyde denaturing agarose gel. 
Gene volume Ratio to Mo ^ 
~ ~ ^ Mi p YF F r ^ ^ p Y F — r n 
GAPDH 556807 261113 242667 442068 1748300 1.QQ 0.47 0.44 0.79 3.14 | 
Table 3.2. Quantified signals of GAPDH Northem blot hybridization. Left column shows the raw data, right column shows the normalized readings in terms of fold difference to Mjj value. 
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M � M i P Y F M F M � M ； P Y F M F 
H - ^ i ^ ' ^ ‘ ^ 
C d c 3 9 ; ^ f l L ^ ^ ^ M H ^ ^ M H i — • — ,海 : m m m « » 7 . 4 k b 
^ W W m m 
C y c l i n B 嚇 _ i ^ * _ | ^ ’ ^ , • ^ _ 玄 ^ . 5 k b 
M A P K M M ^ m : 
^ ^ ¾ ¾ ¾ ^ ^ ^ ^ ^ ^ ! 
• A ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ F ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
2 0 ^ g 4 ^ i g 
Fig. 3.9. Northern blot analyses of Cdc39 (Au400P-l), CyclinB (Au500F-l) , and MAPK 
(C4-250P). Size of the transcripts are shown on the right. M � ’ vegetative mycelium; M„ 
induced mycelium P, primordium; YF, young fruit body; MF, mature fruit body. 
Ethidium bromide stained 28S and 18S ribosomal RNA bands served as loading control; 
1.2% formaldehyde denaturing agarose gel. 
™®®®®^ ^^ ^^ =^®|^ ^^ ^^ =^ ^^ ^^ =^ ^^ B^Bi^ ^^ =^ ^^ B=:^ =5^«B^ =^S:=^S^ S^^S^^^^^^^^^^^^^^^^^^^^^^^  
Putative volume Ratio to Mo 
Gene Mo Mi P YF F Mo Mi P YF F 
Cdc39 2173 2114 3637 2972 3459 1.00 0.97 1.67 1.37 1.59 
CyclinB 754 3226 3614 2343 6485 1.00 4.28 4.79 3.11 8.60 
MAPK ||l.997 1.866 5.000 4.988 2.535|1.0Q 0.93 2.50 2.50 1.27 
Table 3.3. Quantified signals from Cdc39, CyclinB, and MAPK Northern blot 
hybridizations. Left column shows the raw data, right column shows the normalized 
readings in terms of fold difference to M^ value. 
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3.4 Discussion 
The transcript levels of Le.ras and GAPDH were shown to be different during 
the development of L. edodes L54; therefore, they cannot be used as internal controls 
for gene expression studies of the mushroom. 
As shown in Fig. 3.2, Northern blot hybridization of Le.ras resulted in two 
distinct transcripts with sizes 1.3kb and l . l kb in all of the four stages, with transcript 
level being the lowest in mycelium and highest in primordium. These results are quite 
different from that from Hori et al., 1991, in which they reported that the transcript of 
Le.ras is 1.2kb in size and its expression level is similar during L. edodes 
development. There are three possible reasons for getting multiple bands in a Northem 
blot: first is non-specific hybridization signals; however, the membrane was washed in 
high stringency condition (in O.lX SSPE + 0.1% SDS at 65�C) after hybridization, so 
it is unlikely that the extra band is a non-specific one. Second is alternative RNA 
splicing; as the double bands occur in all four stages, the primary transcript of Le.ras 
may be constitutive spliced in two different ways and thus results in two versions of 
Le.ras with different sizes. Third is probing of a gene family; perhaps ras also have 
two gene members in L edodes, as Rasl and Ras2 in S, cerevisiae. The probe (1.2kb 
cDNA fragment) that Hori and his colleague used for the hybridization may be long 
enough to distinguish the two transcripts of Le.ras, therefore only a single band was 
detected. Nonetheless, because of the complexity of its expression pattem, Le.ras was 
not used as an internal control in other expression studies in this project. 
On the other hand, the level of GAPDH expression was demonstrated to have 
several-fold difference during L eJoii^^deveIopment (Fig. 3.8). Similar observations 
were also found in other experimental systems: housekeeping genes like p-actin， 
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GAPDH, albumin, and a-tubulin, which are usually employed as expression controls, 
have their transcript levels changed with experimental treatments, cell cycle and cell 
proliferation, or in particular cell types like the malignant cells in some cancers 
(Goldsworthy et aL, 1993; Finnegan et al., 1993). This indicates that housekeeping 
gene expression is not always a reliable control for estimating changes in expression 
level of other genes, careful experiments like comparing their expression pattern with 
that of ribosomal RNA by Northern blot must be done before using them as controls 
in quantitative studies of a new system. 
Although both Le.ras and GAPDH cannot serve as the control, 28S and 18S 
rRNA can still be used to ensure equal loading and even transfer of the total RNAs in 
Northern blot analysis. The results in Northern blot analyses of Cdc39, cyclin B and 
MAPK (Fig. 3.9) showed that their expression profiles all agreed with that on their . 
original RNA fingerprints, demonstrating that the dot-blot screening method was 
effective in identifying false-positives generated from RAP-PCR. 
The Cdc39 homologue of L edodes has a transcript size of 7.4kb, which is 
comparable to that of S. cerevisiae Cdc39/Notl, in which its open reading frame spans 
through 6324bp (Collart and Stmhl, 1993). This result demonstrates how the 
information of transcript size helps to verify the identity of the homologue. Cdc39 was 
originally identified by a temperature-sensitive mutation that arrests cells in Gi and 
inappropriately activates pheromone response pathway in yeast (Reed, 1980). 
However, later studies showed that Cdc39 is not directly involved in cell-cycle 
control，but rather is a general negative regulator of transcription, which temperature-
sensitive mutation of Cdc39 causes increased basal transcription of many genes 
(Collart and Stnihl, 1993). As shown in Fig. 3.9，the expression level of the Cdc39 
homologue increases for 1.67 folds in the primordium stage and remains to similar 
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level in the subsequent developmental stages. It is plausible that Cdc39 functions as a 
regulatory protein that suppresses the expression of genes involve in vegetative 
growth of the mycelium, so to allow the development of the reproductive fruit bodies. 
B-type cyclins are thought of as the trigger for mitosis in a wide variety of 
organisms through their activation of Cdc28/cdc2 protein kinases at the G 2 M 
transition of the cell cycle (Nasmyth, 1993). Apart from its crucial role in mitotic 
induction, B-type cyclins take parts in the assembly and maintenance of the mitotic 
spindles, and also are involved in the regulation of meiosis (Grandin and Reed, 1993; 
Ookata et al., 1995). However, besides their cellular functions, nothing is known 
about the roles of Cyclin B in the development of an organism. The Northern blot of 
the Cyclin B homologue (Fig. 3.9) shows an interesting expression pattern: its 
transcript level is minimal in the vegetative mycelium (Mo), then after fruiting 
induction (Mi), the expression level increases 4 folds and then remains more or less 
the same during the development of fruit bodies. This result suggests that the fruiting-
inducing stimuli (e.g., temperature drop, light) may directly induce the transcription of 
the gene, and Cyclin B may play important roles in fruiting initiation and 
development. Another exciting observation is an extra band (2.15kb) occurs in the 
mature fruit body stage, which has a signal even higher than that of the 2.5kb band, 
and the total hybridization signal of these two bands give an 8.6-fold increase to that 
of Mo. The extra band may belong to another member of the Cyclin B gene family, 
which is quite plausible since multiple candidates from the Cyclin B family {clb 1 to 
6) has also been observed in S. cerevisiae (Schwob and Nasmyth, 1993). The 
questions of why the 2.15kb transcript only expresses in mature fmit body, and what 
kind of roles Cyclin B plays after fruiting induction of the mushroom would worth 
further investigations. 
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Mitogen-activated protein kinase (MAPK), together with two other members, 
mitogen-activated protein kinase kinase (MAPKK) and mitogen-activated protein 
kinase kinase kinase (MAPKKK), form a conserved cascade in the signal transduction 
pathways of many organisms, from yeast to vertebrates. Extracellular stimulations are 
transduced through the MAPK cascades and specific downstream gene expressions 
are activated by MAPK, resulting in appropriate responses to the particular 
stimulation (reviewed in L'Allemain, 1994). The expression of the L edodes MAPK 
homologue is elevated 2.5 times in the primordium and the young fruit body stages, 
which suggests that signal transduction plays a role during early formation of the 
mushroom, and environmental stimuli may play an important part for the proper 
development of L edodes. 
Although sequence homology and Northem blot analysis could give us some 
ideas on the putative function and the expression pattem of an isolated gene, they 
cannot reveal the exact biological function unless appropriate functional assays are 
carried out. Unfortunately, we still lack a well-established transformation system for 
Shiitake mushroom, so, common functional assay methods for other model systems 
like knockout studies and over-expression cannot be done in L edodes. Therefore, 
alternative ways have to be employed for the in vivo study of gene functions. Jn this 
project, complementation of yeast mutants was used as the method to investigate the 
in ^i^o function of the isolated genes, not in L. edodes, but in S. cerevisiae instead. In 
the next chapter, full-length cDNAs of the Cyclin B and MAPK homologues obtained 
by Rapid Amplification of cDNA Ends (RACE) before cloning into yeast expression 
vectors are described. The Cdc39 homologue had been left out for further 
characterization because its transcript .is too large for the isolation of full-length 
cDNA by RACE. 
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Chapter Four Obtaining Full-length cDNA of MAPK and Cyclin B 
by Rapid Amplification of cDNA Ends (RACE) 
4.1 Introduction 
In this chapter, full-length cDNAs of the L edodes MAPK and Cyclin B 
homologues were obtained to prepare for their expression in yeast. Saccharomyces 
cerevisiae is poor in splicing introns from foreign genes because its own introns are 
few and small; therefore, cDNAs must be employed to produce heterologous proteins 
efficiently in yeast. RAP products, with sizes barely over lkb, usually consist of only 
part of the transcripts, so we should obtain full-length cDNAs before transforming 
into the yeast. Besides screening cDNA libraries, Rapid Amplification of cDNA Ends 
(RACE) is the most popular method to get full-length cDNAs. 
RACE is a PCR-based method for amplification of nucleic acid sequences 
from a messenger RNA template between a defined intemal site and unknown 
sequences at either the 3’ or the 5' -end of the mRNA (Frohman et aL, 1988). To 
amplify a sequence, PCR requires two sequence-specific primers that flank the region 
to be amplified (Saiki et aL, 1985; 1988). This requirement imposes a severe 
limitation if the flanking regions are not characterized (Loh et al., 1989). RACE 
breaks the restriction by using "adapters" with known sequences at the 
uncharacterized ends of the mRNA to serve as PCR priming sites. In 3，RACE, oligo-
dT primer can anneal to the naturally-occurred poly(A) tail of eukaryotic mRNAs; 
whereas in 5' RACE, it is necessary to add an artificial homopolymeric tail at the 
mRNA's 5’ end in order to generate a specific priming site for the PCR. Individual 
products of 3’ and 5’ RACE could then be combined to generate full-length cDNAs 
(Frohman and Martin, 1989; Frohman, 1990). 
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RACE has several advantages over traditional methods of cDNA library 
screening: First, RACE is much faster and technically less demanding because it does 
not involve blotting and hybridization, which could be very laborious if done on large-
scale. It usually takes weeks to screen cDNA libraries, obtain individual cDNA 
clones, and analyze the clones to determine if the desired sequence is present; 
furthermore, it shows no signs for false positives until the very last stage of screening, 
so one may have to start everything all over again by then. Since RACE is PCR-based, 
it allows monitoring every step by gel electrophoresis, and it is practical to modify 
reaction conditions and perform control experiments until the authentic full-length 
cDNAs are generated and observed. Moreover, rare transcripts can be isolated more 
readily by RACE than from the cDNA library. In addition, unlike library screens that 
generally can recover not more than a few cDNA clones, RACE can generate 
unlimited numbers of independent clones. This permits confirmation of nucleotide 
sequence, and the direct nucleotide sequencing of RACE products is also possible 
(Brow, 1990; Frohman, 1994; Frohman, 1995). 
The GibcoBRL 3' and 5’ RACE kits were used in this project to obtain the 
flanking sequences of the RAP-fragments Au500F-l (putative cyclin B) and C4-250P 
(putative MAPK). The principles of RACE are described in the following sections. 
After getting the 3，and 5' RACE product of the gene, a pair of PCR primers were 
designed from these sequence information and its full-length cDNA was then 
amplified from the Shiitake mushroom cDNA. This intron-free cDNA should be 
suitable for heterologus expression of the corresponding mushroom protein in the 
yeast mutant for functional analysis. 
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4.1.1 Principles o f 3 ' RACE 
The procedures of 3 'RACE are summarized in Fig. 4.1a. First strand cDNA is 
synthesized from the poly(A) tail of mRNA using the adapter primer (AP), which is a 
"hybrid" primer consisting of oligo(dT) linked to an adapter region that consists of 
several restriction endonuclease sites (refer to Fig. 4.1b for primer sequence). First 
strand cDNA synthesis is catalyzed by SuperScript™ n RNase H ' Reverse 
Transcriptase (RT). RNase H degrades mRNA during the first strand reaction; 
therefore, RNase H" RT can produce longer and more first strand cDNA than with 
other reverse transcriptases. After first strand cDNA synthesis, the original mRNA 
template is destroyed with RNase H, which is specific for RNA: DNA heteroduplex 
molecules. 
A sense gene-specific primer (GSP1) is designed from the known sequence of 
interest. Amplification of the target 3，end is done by PCR using GSP1 and the 
abridged universal amplification primer (AUAP) provided, which is made up of 
sequences homologous to the adapter region of the AP (Fig. 4.1b). The AUAP can 
function in PCR at annealing temperatures up to 68�C，which allows the use of PCR 
conditions with higher stringency thus the production of more specific RACE 
products, which is impossible if the low T^ oligo-dT is used as the 3，primer. 
As all polyadenylated mRNAs are reverse transcribed to cDNAs, sequence 
specificity in the amplification reaction is therefore relies solely on GSP1. In order to 
increase the specificity and the yield of the RACE product, a second "nested" GSP is 
often used (Frohman and Martin, 1989). The nested GSP (GSP2) can be designed to 
anneal immediately adjacent to the GSP1 or at sequences within the cDNA further 
downstream. Together with the AUAP, a more specific RACE product can then be 
amplified from the first amplification product with the nested GSP. 
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a. mRNA p o l y ( A ) t a i l 
^ AAA..AAA^ 
<^TTmTTT tmiZIZ3 5’ ， A P 
> r 
5，— AAA..AAA^ 
3 ’ < _<^TTmTTT • i � 
> r 
^ , Z Z \ \ ^ ^ \ ^ ^ \ 产 , 
3 ^ ^ T T . . . T T T * Z = Z Z I 5 
，r .. 
G^ 
3’ ^ ^TTmTTT * = • 5' 
^ = 1 
nested , � AUAP 
GSP 
_ 5 m • 13， 
3’ ^ ！ ？ … ？ 丁 ？ * z z = ] 5， <=^ AUAP 
b. 
Mlu I Spe I 
5'-GGC CAC GCG TCG ACT AGT ACT TTT TTT TTT TTT TTT T -3' 
Not\ half-Site Sal\ 
Adapter Primer (AP) 
Mlu\ Spe I 
5'-GGCCAC GCG TCG ACT AGT AC -3' 
Not\ 1/2site Sa/I 
Abridged Universal Amplification Primer (AUAP) 
Fig. 4.1. (a) Overview of the 3’ RACE procedure, (b) AP and AUAP primer sequences, 
(adopted from the instruction manual, 3 'RACE System for Rapid Amplification o f c D N A 
Ends, GibcoBRL). 
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4.1.2Principles o f 5 ' RACE 
5’ RACE is trickier than 3’ RACE because it does not have a poly(A) tail at 
the 5’ end of mRNA; a homopolymeric tail must be added artificially at the 5' end in 
order to generate a generic priming site for PCR amplification. The procedure is 
summarized in Fig. 4.2a. 
First strand cDNA is synthesized from total or poly(A)+ RNA using an 
antisense gene-specific primer (GSP1) and SuperScript™ H RNase H' RT. RNase Mix 
(a mixture of RNase H and RNase T1) is used to remove the original mRNA template 
after first strand cDNA synthesis. Then, unincorporated dNTPs, GSP1, and proteins 
are separated from cDNA using a spin cartridge. This step is very important because 
residual GSP1 will be tailed by terminal deoxynucleotidyl transferase (TdT) and will 
compete for Abridged Anchor Primer during PCR. A poly(C) tail is then added to the 
3’ end of the antisense cDNA using TdT and dCTP. 
PCR amplification is accomplished using Taq DNA polymerase, a nested 
gene-specific primer (GSP2), and the Abridged Anchor Primer (AAP) provided in the 
kit. AAP anneals to the poly(C) tail of the cDNA and it also contains an adapter 
region (Fig. 4.2b). The adapter region allows annealing by AUAP in subsequent 
reamplifications, and facilitates sticky-end cloning of the RACE products. Another 
point worth mentioning is that the poly(G) portion of the AAP is selectively replaced 
with deoxyinosine residues; the mixed G:I region maintains low stability on the 
primer's 3'-end and creates a melting temperature (Tm) similar to a typical PCR 
primer. This arrangement increases the specificity of the primer, and balances the Tm 
between AAP and GSP2 thus makes PCR amplification more efficient. 
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A minimum of two antisense gene-specific primers (GSP 1 & 2) are required 
for 5，RACE. But reamplifying the primary PCR product with AUAP or UAP and 








5 ’ AAA...AAA^ 
3 ' ^ ^ 
^ r 
V < Z Z \ \ Z ^ \ • 《 
，r 
3’ CC. .CC"^ H 5 
Abridged Anchor Primer T 
5’ I I GI...GI W 
3’ CC-CC ^ • ) 
A U A P > I GSP2 




Mlu I Spe I 
I 1 I 1 
5.- GGC CAC GCG TCG ACT AGT ACG GGI IGG Gll GGG IIG -3' 
NotlM2site Sal\ 
5' RACE Abridged Anchor Primer 
Mlu I Spe I 
5'- GGC CAC GCG TCG ACT AGT AC -3' 
1 1 I 1 
Notn/2 site Sa/I 
Abridged Universal Amplification Primer (AUAP) 
Fig. 4.2. (a) Overview of the 5，RACE procedure, (b) Sequences of the 5' RACE primers, 
(adopted from the instruction manual, 5 'RACE System for Rapid Amplification of cDNA 
Ends, Version 2.0，GibcoBRL). 
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4.2 Materials and Methods 
4.2.1 Isolation o f T o t a l R N A 
Total RNAs from primordium and mature fruit body of L edodes were 
extracted as described in section 3.2.4.1. 
4.2.2 3 'RACE 
All components were provided by GibcoBRL 3’ RACE System for Rapid 
Amplification of cDNA Ends unless otherwise specified. 
4.2.2.1 First Strand cDNA Synthesis 
In a 0.2ml PCR tube, 2.5p,g of primordium and mature fruit body total RNA 
mixture (l^ig/M,l) and l^il of lOpM adapter primer (AP) were added to a final volume 
of 25^il with DEPC-treated water. The mixture was heated to 7 0 � C for 10 min and 
then immediately to 50�C. In a separate tube, a 2X reaction mix was prepared as 
follow: 7.5^U DEPC-treated water, 5^il 10X PCR buffer [200mM Tris-HCL (pH.8.4), 
500mM KC1], 5^il 25mM MgCh, 2.5p,l lOmM dNTP mix, 5^il O.lM DTT, and 0.5^il 
Rnasin (Promega, 40U/p,l); and the mixture was prewarmed to 4 2 � C . Then, the 2X 
reaction mix and l^il of SuperScript E RT (200U/^il) were gently mixed into the 
RNAy'primer mixture, and the whole mixture was incubated at 50°C for 50 min. After 
first strand cDNA synthesis, the reaction was terminated by incubating at 70°C for 15 
min. and then snapped on ice. After collecting the reaction by brief centrifugation, \\i\ 
of E. coli RNase H (2U/p,l) was added and the mixture was incubated at 37°C for 20 
min. 
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A negative control for first strand cDNA synthesis (RT') was prepared by 
replacing SuperScript E RT with 1 fil of DEPC-treated water, whereas other 
procedures were kept as the same. 
4.2.2.2 Amplification of the Target cDNA 
t i order to increase the specificity of RACE products, the "hot-start" method 
was used to reduce non-specific binding and the extension of primers during the initial 
denaturation process of PCR (see section 2.2.4 for the set-up). A 50p,l PCR reaction 
was set up with final compositions as follows: IX PCR buffer [20mM Tris-HCL 
(pH.8.4), 50mM KC1], 1.5mM MgCl2, 200nM GSP, 200nM AUAP, 200pM each of 
dATP, dCTP, dGTP, and dTTP, 2.5U of Taq DNA polymerase (Promega, 5U/^ U)，and 
3^il of first strand cDNA from section 4.2.2.1. 
Every 3 'RACE reaction was accompanied with four sets of control 
experiments. First, the reverse transcriptase negative control (RT") that used the first 
strand reaction without SuperScript H RT (refer to section 4.2.2.1) was responsible for 
the detection of genomic DNA contamination. Non-specific PCR products were 
detected by omitting either GSP (AUAP only) or AUAP (GSP only) in the reaction 
mix. To monitor whether the first strand cDNA and the GSP can function properly in 
PCR, a pair of gene-specific primers (including the GSP used in 3 'RACE) were 
employed for the amplification of an intemal fragment of the target (RT-PCR). 
The PCR conditions were optimized for various 3 'RACE reactions because 
different gene-specific primers were used. For 3 'RACE of cyclin B, the PCR profile 
was adapted from Frohman et aL (1995). The reaction was incubated at 9 4 � C for 3 
min, 55°C for 2 min, and 72°C for 30 niin; it was then followed by 30 cycles of 9 4 � C 
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for 45 sec, 55°C for 30 sec, and 7 2 � C for 2 min. Finally, the reaction was incubated at 
72°C for another 10 min. In the 3 'RACE of MAPK, after incubation at 94°C for 2 
min, the reaction was carried out for 35 cycles with the following temperature profile: 
94°C for 30 sec, 64°C for 30 sec and 7 2 � C for 2 min. Then the reaction was incubated 
at 72°C for the last 10 min. The RACE product was analyzed by 1.5% agarose gel 
electrophoresis in IX TAE buffer. 
4.2.2.3 Reamplification and nested amplification of 3 'RACE products 
If the 3 'RACE product obtained from 4.2.2.2 was too faint or consisted of 
multiple bands, reamplification of the product with correct size or nested 
amplification may help to generate a single prominent band. First, the band of 
expected size was cut out from the gel using a disposable pipet tip or a razor blade. 
The gel slice was then put into an eppendorf tube together with about 5 volumes of TE 
(10 mM Tris-HCl, pH 7.5, lmM EDTA). The tube was heated to 6 5 � C for 10 min to 
dissolve the gel. A 3\i\ aliquot was used as template for reamplification using the 
same pair of primers as in 4.2.2.2 or for nested amplification using a nested GSP with 
AUAP, according to the availability of nested primers. 
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4.2.3 5 'RACE 
All components were provided by GibcoBRL 5' RACE System for Rapid 
Amplification of cDNA Ends, Version 2.0 unless otherwise specified. 
4.2.3.1 First Strand cDNA Synthesis 
The composition and the procedures of first strand cDNA synthesis for 
5 'RACE were the same as that of 3 'RACE in section 4.2.2.1, except that only lp,g of 
primordium and mature fruit body total RNA mixture was used as template, and GSP1 
(final concentration, lOOnM) instead of 500nM adapter primer (AP) served as the 
primer that initiated reverse transcription. 
4.2.3.2 GlassMax DNA Isolation Spin Cartridge Purification o f c D N A 
At room temperature, 255^il of binding solution (6M Nal) was added into the 
50^il first strand cDNA reaction. The mixture was transferred to a GlassMax spin 
cartridge and centrifuged at 13,000g for 20 sec. The flowthrough was saved until 
recovery of the cDNA was confirmed. The spin cartridge was washed four times by 
adding 0.4ml of cold (4�C) IX wash buffer, centrifuged at 13,000g for 20 sec and then 
discarded the flowthrough. After that, the spin cartridge was washed twice with 400|il 
of cold (4�C) 70% ethanol as described above. To remove any trace of ethanol, the 
cartridge was spun at 13,000g for another minute. The cartridge was inserted into a 
fresh sample recovery tube. Fifty i^l of ddH2O preheated to 6 5 � C was added into the 
cartridge and cDNA was eluted by centrifuging at 13,000g for 20 sec. 
115 
4.2.3.3TdTTail ing o f c D N A 
In a 0.2ml tube, lO^il of GlassMax purified cDNA sample (refer to 4.2.3.2), 
5^il of 5X tailing buffer [50mM Tris-HCL (pH.8.4), 125mM KC1, 7.5mM MgCl2], 
2.5p,l 2mM dCTP and 6.5p,l double distilled water were added to a volume of 24^il. 
The tube was incubated at 9 4 � C for 3 min and then chilled on ice. After brief 
centrifugation, l^il of TdT was mixed gently into the reaction and the mixture was 
incubated for 10 min at 37°C. The reaction was terminated by heating at 65°C for 10 
min. A control reaction that had omitted TdT [TdT(-)] was also included. 
4.2.3.4 PCR of dC-tailed cDNA 
As in 3 'RACE, the "hot-start" PCR method (section 2.2.4) was employed for 
the improvement of product specificity. In a 0.2ml thin-wall PCR tube, a 50p,l reaction 
was set up with final composition as below: IX PCR buffer [20mM Tris-HCL 
(pH.8.4), 50mM KC1], 1.5mM MgCl2, 400nM nested GSP2, 400nM Abridged Anchor 
Primer (AAP), 200^iM each of dATP, dCTP, dGTP, and dTTP, 2.5U of Taq DNA 
polymerase (Promega, 5U/^il) and 5^il of dC-tailed cDNA from 4.2.3.3. 
Again, a set of control experiments were done in parallel with the 5 'RACE 
reaction. 25^-1 reactions were prepared with the same composition as above except for 
one component. The "GSP2 only" control was set up by omitting AAP and vice versa 
in the "AAP only" control. In the "RT-PCR" control, AAP was replaced by another 
gene-specific primer that flanked an internal fragment of the target gene with the 
nested GSP2. The “TdT(-)，，control that verified the specificity of PCR with AAP was 
done by using cDNA sample without dC-tailing (see. 4.2.2.2) as template. 
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The PCR conditions for 5 'RACE of MAPK was the same as that of MAPK 
3 'RACE (see 4.2.2.2). For CycB, "touch-down" PCR was performed. The tube was 
first incubated at 9 4 � C for 1 min, then 15 "touch-down" cycles were followed: 94°C 
for 30 sec, 7 0 � C for 30 sec, 7 2 � C for 2 min, with the annealing temperature decreased 
by l°C for every cycle. The reaction was carried out for 25 more cycles with the 
profile: 9 4 � C for 30 sec, 5 5 � C for 30 sec, 72°C for 2 min, then pursued by 10 min 
incubation at 72°C. The RACE product and its controls were run in parallel on a 1.5% 
agarose gel in IX TAE for analysis. 
4.2.3.5 Nested Amplification 
The procedure was similar to that in 4.2.2.2. but the final composition of the 
PCR reaction was followed as in 4.2.3.4. An additional nested GSP3 may be used 
with the AUAP for nested amplification, or reamplification using the original GSP2 
and the AUAP if sequence information was inadequate. U no bands were shown on 
the gel in 4.2.3.4，the gel area that covered the expected size of the 5 'RACE product 
could be cut out and melted as in section 4.2.2.3, and an 5[i\ aliquot was then applied 
as template for the reamplification. 
4.2.4 Cloning and sequencing of RACE products 
RACE products were cloned into the SrfI site of pCR-Script™ Amp SK(+) as 
described in 2.2.6.1. The very 5，or 3，ends of the RACE products were sequenced as 
in 2.2.6.3, using M13 (5‘-CGCCAGGGTTTTCCCAGTCACGAC-3‘) or M13rev (5'-
GGAAACAGCTATGACCATG-3 ‘) as sequencing primers according to the 
orientation of the inserts. . 
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4.2.5 Obtaining full-length cDNA o fL . edodes MAPK 
4.2.5.1 Design of primers 
A pair of PCR primers were designed to allow amplification of the open 
reading frame of LeMAPK, directional cloning into the yeast expression vector, 
efficient translation of the foreign cDNA, and later, monitoring the expression of the 
LeMAPK protein. The 5’ primer (HA-MKUp5), with the sequence 5，-
G G A G A T C T ^ • ' W M ^ 丨丨'丨 ATGTTCCAGATTACGCTGGTGAT「TAr 
CGGACGACTG -3 ' , was designed with a BglII restriction site (AGATCT), a HA-
epitope coding sequence (underlined) inserted between the start codon (ATG) and the 
5，sequence of LeMAPK (GATGACCGGACGACTG), and three additional As placed 
preceding the start codon to improve the efficiency of translation initiation in yeast. 
The 3，primer X-MAPKLp4 (5’ GCTCTAGAGTCATGGGCAGTCAATAATCAG 
3，）was located at about 300bp after the stop codon, and a XbaI restriction site 
(underlined) was added to facilitate cloning of the resulting full-length PCR product. 
4.2.5.2 PCR amplification ofLeMAPK 
To generate first strand cDNAs as PCR template, lOfig of total RNA from 
primordium and mature fmit body (see 4.2.1) was mixed and reverse transcribed in a 
40p,l-reaction as described in 2.2.5.2. Modifications were made to improve full-length 
synthesis: reverse transcription was carried out at 42°C for 1 hour and then 5 0 � C for 
10 min. After termination of the reaction at 7 0 � C for 15 min, 3U of E. coli RNase H 
(GibcoBRL) was added and the mixture was incubated at 3 7 � C for 20 min. 
The PCR reaction was set-up on ice as follows: 7.5^il first strand cDNA, \5\i\ 
10X PCR buffer (200mM Tris-HCl [pH8.8], 100mM KC1, 100mM (NH4)2SO4, 
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20mM MgSO4, 1% Triton® X-100, lmg/ml nuclease-free BSA), 12^il 2.5mM dNTPs, 
3^il HAMKUp5 (20^M), 3pi MKLp4 (20^iM), 3[il Pfu DNA polymerase, and 106.5^il 
ddH2O were mixed and made up to 150p,l. The reaction was first incubated at 94°C for 
1 min, then followed by 14 "touch-down" cycles: 9 4 � C for 45 sec, 8 0 � C for 45 sec, 
72°C for 3.5 min, with the annealing temperature decreased from 80°C to 59°C by 
1.5°C for every cycle. The reaction was carried out for 30 more cycles with the profile: 
94°C for 45 sec, 59°C for 45 sec, 72°C for 3.5 min. Finally, a 10-min incubation at 
72°C was pursued. The PCR product was resolved by 1% agarose gel electrophoresis 
in IX TBE for analysis. 
4.2.5.3 Sequencing offull-length LeMAPK 
Four sequencing reactions, which employed B-MAPKUp4, E-MAPKLpl , B-
MAPKUp2, and X -MAPKLp4 as sequencing primers, were required to cover the 
whole open reading frame of LeMAPK. The PCR product of LeMAPK (4.2.5.2) was 
gel purified with GeneClean™ (BI0101), and 100-200ng of the purified product 
served as the template for the sequencing reactions. The procedures for cycle 
sequencing were the same as described in 2.2.6.3. 
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4.3 Results 
4.3.1 RACE of L edodes Cyclin B and MAPK 
Gene specific primers involved in the RACE reactions of cyclin B and MAPK 
were designed from nucleotide sequences of the corresponding RAP-fragments, and 
the approximate locations of the primers are shown in Fig. 4.3 and Fig. 4.4. 
Tables 4.1 and 4.2 show the information of the primers in 3，and 5，RACE of 
cyclin B and MAPK. Those primers that were not gene specific primers (GSP) were 
provided from the RACE kits (GibcoBRL). In 3 'RACE, GSP1 was designed for the 
first amplification of the 3’ cDNA end and GSP2 was designed for the following 
nested PCR, both of the GSPs were used with the abridged universal amplification 
primer (AUAP) in the PCR. In 5’ RACE, GSP1 was used for the first-strand cDNA 
synthesis, whereas GSP2, together with abridged anchor primer (AAP), were used to 
PCR amplify the dC-tailed cDNA. Since limited sequence information was available, 
GSP2 instead of a nested primer (GSP3) was used with AUAP to reamplify the 
primary PCR product. 
The expected size of RACE products were estimated from the relative 
positions of the RACE primers on the homologous gene's complete coding sequence. 
For cyclin B RACE, the estimation was made on S. cerevisiae cyclin B3 (accession 
no. A60048 [PRI]), which has a coding sequence of 1280 nucleotides; whereas for 
MAPK RACE, the 1104bp coding sequence of S. cerevisiae KSS1 (accession no. 
P14681[SP]) was used for the calculation. The expected product sizes were expressed 
as larger than (>) the length from the primer to the end of the coding sequence, 
because the length of the 3，or 5，untranslated regions could not be estimated. 
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The results of 3'cyclin B RACE are shown in Fig. 4.5. The reverse 
transcriptase minus control [RT(-)] indicated that the RNA samples were free from 
contaminating genomic DNA (Fig. 4.5a). Fig. 4.5b showed that the PCR products 
amplified by CycBUpl and AUAP were not the authentic 3’ cyclin B because the 
"AUAP only" control also generated the same bands. Therefore, K-CycBUp2 has to 
be used as the GSP1 and the GSP2 for the primary RACE amplification and the 
subsequent PCR reamplification respectively. An 800bp 3'cyclin B RACE product 
was successfully obtained by using K-CycBUp2 and AUAP (Fig. 4.5b lane 3)，and the 
band was cut out from the gel and reamplified using the same pair of primers (Fig. 
4.5c). 
Fig. 4.6a shows the results of cyclin B 5 'RACE. A specific 1.4kb 5 'RACE 
product was amplified from the dC-tailed cDNA using K-CycBLp2 and AAP as PCR 
primers. Both the "K-CycBLp2 only" and "AAP only" controls were clear, suggesting 
that non-specific products had not been generated by either of the primers. The 
negative result of the TdT(-) control showed that the PCR with K-CycBLp2 and AAP 
was specific only for dC-tailed cDNA. As in 3'RACE, the 5 'RACE product was 
excised from the agarose gel and purified before serving as PCR template. It was 
reamplified using the primers K-CycBLp2 and AUAP, and an "AUAP only" control 
was run side-by-side on the agarose gel to prove that the resulting reamplified product 
was not caused by non-specific priming of AUAP (Fig.4.6b). 
The 3，and the 5’ RACE of MAPK (and their corresponding control 
experiments) were done in similar manners as that of cyclin B. A 750bp 5' RACE 
product and a 1.2kb 3 'RACE product were successfully generated (Fig. 4.7). 
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(183) C y c B U p l _ ^ ^ C y c B L p l (485) 
(236) K - C y c B U p 2 _ ^ . ^ _ K-CycBLp2 (434) 
mm&mmmmsmmm&sfs& 《， ： •  。， 
• • 
• 
175 a.a. 357 a.a. ,^ . . 
5 2 5 b p 1 0 7 1 b p 5 . cerevisiae cyclin B ORF 
427 a.a. 
1280bp 
Fig. 4.3. Diagram showing the corresponding positions of Au500F-l (shaded bar) 
to S, cerevisiae Cyclin B open reading frame (solid line) and the locations of the 
gene specific primers (arrowheads) used in L edodes Cyclin B RACE. It shows that 
Au500F-l spans from the 175^ to the 375^ amino acids on the ORF. Numbers in blackets 
are 5’ position (in bp) of the primers on Au500F-l. 
Primer Information Size of R A C E 
product 
Function Name Sequence (5 ' -3 ' ) |Tn,("C) ^ e c t e d | R e s u l l 
GPS1 C y c B U p l CGCACCGTATCCGTCGTAAAATG 73.8 > 5 9 0 b p 
3 ’ G P S 2 K-CycBUp2~~~GGGGTACCGCCAAATACGAAGAGA ^ ~ " > 550bp 800bp 
RACE RT-PCR K-CycBUp2~~GGGGTACCGCCAAATACGAAGAGA 7 5 2 207bp 2 0 ^ 
K-CycBLp2 GGGGTACCAAGGTCCGCGTTTGAAGA g ^ ^ ^ 
A U A P A U A P GGCCACGCGTCGACTAGTAC 7 1 3 
G P S l C y c B L p l GCACGCAAGAAACGGGAGTCAA 74.O ° " ~ 
5， G P S 2 K-CycBLp2 GGGGTACCAAGGTCCGCGTTTGAAGA %^6~ > 1 0 1 0 b p T^ 
RACE RT-PCR K-CycBUp2 ~"GGGGTACCGCCAAATACGAAGAGA 7 ^ 207bp 2 0 ^ 
K-CycBLp2 GGGGTACCAAGGTCCGCGTTTGAAGA g l 6 
A U A P A U A P GGCCACGCGTCGACTAGTAC 7 1 3 
A A P ~ A P P ~ G G C C A C G C G T C G A C T A G T A C G G G I I G G G I I G G G I I G 卯 」 
Table 4.1. Primers information and the size of products in 3’ and 5’ RACE of cyclin 
B. Tm, melting temperature of primers using nearest neighbor method (Sambrook et 
<3/.，1989); GPS, gene specific primers; AUAP, abridged universal amplification 
primer; AAP, abridged anchor primer. 
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Fig. 4.4. Diagram showing the corresponding positions of C4-250P (shaded bar) 
to S. cerevisiae Kssl open reading frame (solid line) and the locations of the 
gene specific primers (arrowheads) used in L edodes MAPK RACE. It shows that 
C4-250P spans from the 139^ to the 266出 amino acids on the ORF. Numbers in blackets 
are 5’ position (in bp) of the primers on C4-250P. 
Primer design Size of R A C E 11 
product 
Function Name Sequence (5 ' -3 ' ) T^ (°C) Expected|Resull 
GPS1 E-MAPKUp3 CGGAATTCGCGTCGACATTCATGACAGAATA g 4 j > 6 0 0 b p T S J 
3， RT-PCR E-MAPKUp3 CGGAATTCGCGTCGACATTCATGACAGAATA §4 1 150bD TsObt E-MAPKLp3 CGGAATTCTGCGAGAACACAGCCAAGAGAC o - ' ^ ^ 
oj.O 
R A C E A U A P A U A P GGCCACGCGTCGACTAGTAC 7 1 1 
GPS1 E-MAPKLpl CGGAATTCAGCGTAGAAATCGTCAAG 75.3 ' ' " ^ 
5， G P S 2 E-MAPKLp3 CGGAATTCTGCGAGAACACAGCCAAGAGAC ^ ~ ~ > 7 0 0 b p 7 5 0 ^ 
RACE RT-PCR E-MAPKUp3 CGGAATTCGCGTCGACATTCATGACAGAATA " " g T l 150bD TsOte E-MAPKLp3 CGGAATTCTGCGAGAACACAGCCAAGAGAC 。；< ^ ^ 
oJ.0 
A U A P A U A P GGCCACGCGTCGACTAGTAC " r L 5 
A A P ~ ~ A P P “ G G C C A C G C G T C G A C T A G T A C G G G I I G G G I I G G G I I G g Q j 
= ^ = ^ = a ^ ^ ^ = a = ^ = = ' I !^=a=as8agsoa=^gaBB=aBsea5sj=s=aasaa^a=a^=a=^=^5agg=g= 
Table 4.2. Primers information and the size of products in 3，and 5' RACE of MAPK. 
Tm, melting temperature of primers using nearest neighbor method (Sambrook et aL, 
1989); GPS, gene specific primers; AUAP, abridged universal amplification primer; 
AAP, abridged anchor primer. 
123 
a. M b. 1 M 2 3 B _ 
^ ^ H 8 0 0 - ^ ^ ^ ^ ^ L - 8 0 0 b p 
^ ^ ^ B - 8 0 0 b p ^ B j | ^ ^ H 
• • 
C M 
V ^ . H<r<<*q!9;g^|||||mg| 
: ^ ^ H 
‘‘"-_•_ ‘ '.inmiii|^ ^^ ^^ ^^ ^^ H 
^ ^ H 
8 0 0 b p 一 ^ ~ _ b P ^ g H H 3 'Cyc l i nB 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ g 
feaa^i— 
k^^ j^ iti^ i^&^ ^^ tt^ ^^ ^^ dll^ H^ BII^ I^ I 
Fig. 4.5. (a) RT minus control of 3'Cyclin B RACE reaction, (b) 3’ RACE of L. edodes 
Cyclin B with its controls. Lane 1’ "AUAP only"control; lane 2，3'RACE using 
CycBUpl as GSP 1; lane 3, 3 'RACE using K-CycBUp2 as GSP 1. Arrowhead indicates 
the 800bp RACE product of 3，Cyclin B . (c) The PCR reamplified 3’ Cyclin B after gel 
purification with QIAEX™. M, 100bp DNA ladder. 
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a. 
M 1 2 3 4 5 ^ ^ H 
^ _ 1 .4kb 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 5，Cyclin B 
8 0 0 b p - ^ ^ ^ ^ ^ H ^ ^ H | | 
• 
b . M 1 2 
• 
l ^ 9 ^ 1 . 4 k b | P m | ^ ^ 5 ' Cyclin B 
8 0 0 b p _ ^ ^ ^ ^ H 
Fig. 4.6. (a) 5' RACE of L edodes Cyclin B with its controls. Lane 1，“RT-PCR control" 
using K-CycBUp2 and K-CycBLp2 as primers to generate a 220bp fragment of 
cycB; lane 2，TdT(-) control; lane 3, "K-CycBLp2 only" control; lane 4’ "APP 
only” control; lane 5, 5 'RACE of Cyclin B using K-CycBLp2 as GSP 2. Arrowhead 
indicates the 1.4kb 5'cyc B RACE product, (b) PCR reamplification of 5’ Cyclin B 
using K-CycBLp2 and AUAP as primers (lane 1); lane 2’ "AUAP only" control. 
M, 100bp DNA ladder. 
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M 1 2 3 4 M 5 6 7 8 9 p^^^mmmmm ^^^^^^^^M 
M A P | L > ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
k b ~ ^ ; ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 
• b p ^ ^ ^ ^ ^ ^ ^ ^ ^ B ^ 5 : P K t ^ ^ ^ ^ ^ ^ ^ ^ m ^ ^ ^ ^ ^ ^ ^ 7 5 0 b p 
I ^ H 
^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ W^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ !^ !^ ^^ S^^ ^^ B^BHiHl^ ^^ BHHBBH^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ B^H^ ^^ l 
Fig. 4.7. 3，and 5’ RACE of L. edodes MAPK and their controls. Lanes 1-4， 
3'RACE; lanes 5-9, 5 'RACE. Lane 1，3'RACE of MAPK using E-MAPKUp3 as 
GSP; lane 2, "E-MAPKUp3 only" control; lane 3，"AUAP only" control; lane 4， 
"RT-PCR" control using E-MAPKUp3 and E-MAPKLp3 as primers to generate a 
150bp PCR product. 
Lane 5’ 5 'RACE o f M A P K using E-MAPKLp3 as GSP2; lane 6, 'TdT(-)" control; 
lane 7’ "E-MAPKLp3 only" control; lane 8, "AAP only" control; lane 9’ "RT-PCR" 
control as in lane 4. Arrowheads indicate the 1.2kb 3 'RACE product and the 750bp 
5 'RACE products of L. edodes MAPK. M, 100bp DNA ladder. 
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4.3.2 Sequences of Cyclin B and MAPK RACE products 
The 3，or 5，end of the RACE products were sequenced for two reasons, first, 
to obtain sequence information for the design of a pair of PCR primers that were used 
for the amplification of full-length cDNA of the gene and second, to confirm the 
identity of the RACE product by comparing its sequence to those in the database. Fig. 
4.8 and 4.9 showed the sequences of 3’ and 5'cyclin B respectively, and the locations 
of the sequences of AP and AUAP on the RACE products are also exhibited. 
Sequence searches by BLASTX showed that part of the 3'cyclin B RACE sequence 
had a high homology with other B-type cyclins from the databank, indicating that part 
of the sequence was located inside the coding region of the gene. On the other hand, 
although more than 800bp of the 5'cyclin B RACE product had been sequenced, there 
was not any homology with other cyclin B shown in the sequence; perhaps the 5’ 
untranslated region of cyclin B is longer than 800bp. 
Fig. 4.10 showed the nucleotide sequence of 5 'MAPK. The sequence 
including that of the RACE primer and the 5' untranslated region was trimmed. The 
first 3 bases (ATG) encoded the start codon and the following sequence formed an 
open reading frame. Homology search showed this open reading frame coincided with 
the 5' ends of many other MAKPs in the database. Therefore, the first 19 bases were 
included in the primer sequence of HA-MKUp5, which was designed for the 
amplification of the full-length cDNA of L edodes MAPK. 
Although the 3 'MAPK sequence showed no homology with other MAPKs in 
the homology searches, it was assumed that the sequence was located in the 3， 
untranslated region of the gene. Another PCR primer, X-MAPKLp4, was designed at 
the region nearer to the coding region of the gene, so as to minimize the length of 
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untranslated region in the final full-length PCR product. (Nucleotide sequence of 
3 'MAPK and the location of X-MAPKLp4 were shown in Fig. 4.11.). 
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Adapter primer (AP) 
1 GGCCACGCGT CGACTAGTAC TTTTTTTTTT TTTTTTTTTT GGAACAAGGA 
5 1 ACAAATGAAG TTGTATAGAC AAATCGATAT ATGTGACTAA TAAATGAAAA 
1 0 1 TGGACCCAGA TGCAGAATGA AGAGATTAGG GAAGATAGGT AGAGGCCAGA 
1 5 1 TAAGTGTAAC AATAAGTGTA CAAAAGAAAT CATGCAAGAA GCCAGTGGAA 
2 0 1 TCGTTACGCT CACATCAGAC AAGGTCTGCG TCAAGCATGG TATTCTCCAC 
2 5 1 ACCACCTACG CCAGATGCGT GTGCCCTTGA CCATTTGACC GCAGATGTCG 
3 0 1 AAGCCTTCAG GAATTTCTTA TTCGCATACT TCTTGTACAA TGCAAGCTTG 
3 5 1 TGGAATGACC TTTCTGCCAT TTTTTCGACA ATAAATAGAT GCCCCTGGTA 
4 0 1 AAGTTGGGTC TTCGGTATAA CCAGAGTA 
Fig. 4.8. Nucleotide sequence of the 3’ end of L edodes cyclin B (428bp). Arrowhead 
indicates the location of AP sequence. 
Abridged Anchor Primer (AAP) 
1 GCCACGCGTC GACTAGTACG GGGGGGGGGG GGGGTTCCTT TCTTTTAATC 
5 1 CCGCATCCTA CTTCCTTGTC TTTCGTTCTC CGTCACCGCT ATTCCCACTG 
1 0 1 TTTCTTCAAA TCGGTCTCGC TCTATTTGCA CGTCTTCTCC GTATATAGTC 
1 5 1 AAGTACACTC GAATTCTTTG CAATAATGGC TACAAATCAT GCTCGTTTAC 
2 0 1 CGCAACGGAC TACTAGAATG CCTCTTCACG GAAAGGCCGA CGAAAATGCA 
2 5 1 ACCAGCAAAC ATCTTCGTCA ACTCTCAGGT TCAGCCTTAT CAGGGACCTC 
3 0 1 AAAGACTTTG TAGAAAGAGG CTGTTGGAGT AAAGAATAAT ATCGTGCGCG 
3 5 1 CTGCCCTAGG CGAGGTGACG ACTACAGCCG TCAATCGAAG AGAAAACAAC 
4 0 1 AGCAAGGTTC TATTAGGCAA AGAGAAGGAC GAGGTTAGCC TGAAGCGAGG 
4 5 1 TCGTTCGAAC TCTACCAACA ACGCTGCTCA GCGTGTTCCA CTCGGGCCTG 
5 0 1 GTCGAAGTCA AGTTGCTCCA CCCGTTACCA GTACTGCACC TATTCGCGCT 
5 5 1 GCTCCTGGCC GCTCATCTCG CCCATCAACT TTGAATGCTT CTAGACGTTC 
6 0 1 CATTCGGGAT ACATCTCGAC CTATTGCTAT TTATGAGGAT GTCGACATGG 
6 5 1 ACGTGGAGGA CCAGCTTGAG CCTGTCGTCG TGCTAAGCGA AGAAAATCCT 
7 0 1 TCGGAAGCTG CTTCTGAGGC TTGACGCGAA CTTTTTGACC AGCGAACCAG 
7 5 1 ACGGTCATGA CATGGTCCTT GTTGAGGCAG AAGACGAAGA CTCCGAGACG 
8 0 1 GTCGCTTTTC AGGAATCTAA AGCACCGAAA 
Fig. 4.9. Nucleotide sequence of the 5’ end of L edodes cyclin B (830bp). Arrowhead 
indicates the location of AAP sequence. 
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HA-MKUp5 I 
1 M!GGATGACC GGACGACTGC TTTTATCGTC GGTTCTTCGT ACCAACCACT 
5 1 GGACNTAATT GGGGAAGGCG CTTATGGAGT CGTCTGTTCT GCAGTACACA 
1 0 1 TTCAATCACA ACGGAAAGTA NCTATCAANC GGTATAACGC CGTTCGACCA 
1 5 1 CTCAATNTTC TGCCTCCGGA CATTGCAAAA AATCAAACTT TTGCNCCNTT 
2 0 1 TTCAGCATGA 
Fig. 4.10. Nucleotide sequence of the 5’ end of L edodes MAPK (210bp). Arrowhead 
indicates the location of HA-MKUp5, which was designed for the amplification of 
MAPK full-length sequence. ATG is the translation initiation site. Sequence 
containing AAP and 5 'UTR is not shown. 
1 CTCTCACCTT TGTCTATATT TATAAACTCA TATNTTAATA TATATCCACC 
5 1 TGTAACCAAA AATCTCTACT CCCATATATA CGCTGCTCCT GCTGTTACTA 
1 0 1 CTGTAGCTAT TAGTCACATA CCTCTGCTTG TTACGTACTC CTTTTTATTA 
1 5 1 CGTTCCATCG ATGTTGCTGC ATCCTTTCTT AACTTCCACC AACCAATAGC 
2 0 1 GACACTAGCA TCGTT-CCCC CCAGCAGTAT NTCCTTCTAA TCTCGCCAGT 
X-MAPKLp4 
GTCATG GGCAGTCAAT AATCAG 
2 5 1 CTCGCAGTAC CCGTCAGTTA TTAGTCTCTG CTTATTNTTC ANGGTTTNGC 
3 0 1 CTATAATTAA GTAGGGCCTT AGAGATGGAG 
Fig. 4.11. Nucleotide sequence of the 3’ end o fL . edodes MAPK (330bp). Arrowhead 
indicates the location of X-MAPKLp4, which was designed for the amplification of 
MAPK full-length sequence. Region containing AP is not shown. 
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4.3.3 PCR product and sequence of L edodes MAPK full-length cDNA 
The HA-tagged full-length cDNA of L edodes MAPK was successfully 
amplified from primordium and mature fmit body cDNAs using HA-MKUp5 and X-
MAPKLp4 as primers, the resulting PCR product was about 1.5kb in size (Fig.4.12). 
The high fidelity DNA polymerase, Pfu, was used for this PCR because its 3'-
5'proofreading ability could greatly decrease the change of getting mutations in the 
full-length cDNA, which later would be cloned into a yeast expression vector for 
protein expression. If mutations occur in the cDNA, the resulting protein would be 
truncated and non-functional. 
The PCR product was gel purified with GeneClean™ (BIO 101) before DNA 
sequencing. Four sequencing primers, B-MAPKUp4, E-MAPKLpl , B-MAPKUp2, 
and X -MAPKLp4, were required for the complete coverage of the 1.5kb full-length 
cDNA. The locations and the sequences of the primers were shown in Fig. 4.13 and 
Table 4.3 respectively. 1543bp of the MAPK full-length cDNA were sequenced (Fig. 
4.14) and the nucleotide sequence was translated into amino acid sequence, which 
revealed that the coding region of L edodes MAPK consisted of 368 amino acids. The 
signature sequences of the MAPK family and the YERK1 subfamily, together with the 
Threonine-Tyrosine dual phosphorylation sites of the MAPK (T*EY*)，were all 
present in L edodes MAPK (Killtz, 1998). 
To further confirm the identity of the full-length cDNA, the translated amino 
acid sequence was compared with other protein sequences by BLASTX (Fig. 4.16). 
The result revealed that the amino acid sequence of L edodes MAPK has high 
homology (56-69% identity) with a number of ascomycetes MAPKs, which include 
FsMAPK, PMK1, and CEK1 from three different phytopathogenic filamentous fungi 
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(Li et aL, 1997; Xu and Hamer, 1996; Csank et al, 1998); also SPK1 from S. pombe 
(Gotoh et al., 1993), together with FUS and KSS1 from S. cerevisiae (Madhani et 
a/.,1997). It is interesting to note that all of these MAPKs have functions related to 
the pheromone and mating responses (Table 4.4). 
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I_ MAPK 
Fig. 4.12. The 1.5kb HA-tagged full-length cDNA ofL . edodes MAPK. 
PCR amplification by Pfu DNA polymerase. M, 100bp DNA ladder. 
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M K U p 4 B - M A P K U p 2 E-MAPKLpl M K L p 4 
~ > ~ > " <— ^—— 
5, 3， 
Full-length cDNA ofL. edodes MAPK, 1.5 kb 
Fig. 4.13. Approximate locations of the sequencing primers on the full-length cDNA 
of L edodes MAPK. 
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Primers Primer Sequences (5’-3’） 
— B - M A P K U p ^ GAAGATCTAAAATGGATGACCGGACGA 




Table 4.3. Nucleotide sequences of the sequencing primers. 
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1 ATGGATGACC GGACGACTGC TTTTATCGTC GGTTCTTCGT ACCAACCACT 
5 1 GGACATAATT GGGGAAGGCG CTTATGGAGT CGTCTGTTCT GCAGTACACA 
1 0 1 TTCAATCACA ACGGAAAGTA GCTATCAAGC GGATAACGCC GTTCGACCAC 
1 5 1 TCAATGTTCT GCCTCCGGAC ATTGCGAGAA ATCAAACTTT TGCGCCATTT 
2 0 1 TCAGCATGAA AATATCATCG GGATACTTGA CATACTCAAA CCAAATTTGG 
2 5 1 GACCAGACGG AAGCCTAGAT GGCATGACGG AGGTGTATCT TGTTCAAGAG 
3 0 1 CTGATGGAGA CTGATCTCCA CCGAGTCATC AAAACACAAG AGTTGAGCGA 
3 5 1 TGACCATTGT CAATATTTCA TCTACCAAAC ACTCCGTGCA CTGAAAGCAC 
4 0 1 TACACAGTGC CGACGTTTTG CACCGGGACC TCAAGCCGTC CAACCTTTTA 
4 5 1 TTAAATGCAA ATTGCGATCT GAAGTTATGT GACTTCGGGC TCGCCCGTTC 
5 0 1 GGCAAGTCCT CTTCCTGACC ACCCAGTAGA CGCGTCGACA TTCATGACAG 
5 5 1 AATATGTCGC TACCAGATGG TATCGCGCTC CAGAGGTCAT GTTAACCTTC 
6 0 1 AAA.CAATACA CCAAAGCCAT AGACAAGTGG TCTCTTGGCT GTGTTCTCGC 
6 5 1 AGAAATGCTG TCCGGAAAGC CCCTCTTCCC TGGTCGAGAT TATCACCACC 
7 0 1 AGTTGTCATT AATCCTCGAT GTCCTGGGTA CCCCTACGCT TGACGATTTC 
7 5 1 TACGCTATCT CATCCTCCCG TTCGCGTGAA TACATCCGTG CACTACCCTT 
8 0 1 TCGAAAAAAG AAAGTCTTCG GAAAACCCGT CCATGAAGGT GGCGTCAAAG 
8 5 1 GCTTCGAGGG CAAAAATCCT CTTGCTATTG ATCTTATGGA AAAATGTTTA 
9 0 1 AGCTTTAATC CGAAAAGGAG GATTGACGTC GAGGGTGCTT TAGCTCATCC 
9 5 1 CTATCTCGCA CCCTACCACG ACCCATCCGA TGAGCCCGGC GCTGAGCGCA 
1 1 0 1 TTGACAGCGA ATTTTGGTCT TTTGACACCT TCAACAATGG AAAAGGTCTC 
1 1 5 1 AGCAAAGAAG AGCTCAAGGT TTTAATCTAT GAAGAAGTTA TGCGTGGGGC 
1 2 0 1 ATAACCGTTT TTTTCCTGCT AGGCTCTCGG GTGGATCATA TCGGATGGAC 
1 2 5 1 TGGGTGGACT GGGGTGATGT GGACCGTTAC CATGGATGGT TGCCTTTTCA 
1 3 0 1 TTCTGGGTTC GTTTCTTGAG TTTATTCTAT TTTTTTCCTT CGTTACTCTC 
1 3 5 1 CAAATCCATC CCCGTCCCAT CTCCGCTTCG TTCGTTTGCT CATCTTTACT 
1 4 0 1 TTACATTTTG ACAGTACTCT TCACGAGCCA ATGATTCTCT TACCTATTTT 
1 4 5 1 AGCACTTCCG GCGTATCCTC CCACCTATTG AGGTAGAGAT TCCGGGATGA 
1 5 0 1 ATTAATATCC GATTTGCTAC TTTTTTTTCT CTC 
Fig. 4.14. Nucleotide sequence ofL . edodes MAPK full-length cDNA (1543bp) 
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Fig. 4.15. Translation of full-length MAPK nucleotide sequence to amino acid 
sequence. Dots indicate the location of stop codons. The coding region of L. edodes 
MAPK spans from 1-1104 n.t., which consists of 368 amino acids. The signature 
sequence o f M A P K family, [LP/M] [TS]X[YX] [LrVM]XT[KR][WY]YRXPX[LrVM] 
[LP/M], is located from 544 to 591nt. (182-197 a.a.) and the signature sequence of 
YERK1 subfamily, LSXDHXQYFXYQXLRA, is located from 343 to 378nt. (115-
126 a.a.). T* and Y* at 116 and 118 a.a. (346-354nt.) are the dual phosphorylation 
sites of the MAPK (Kultz, 1998). 
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Score E 
Sequences producing significant alignments： (bits) Value 
gi 1279911 (U52963) mitogen-activated protein kinase [Nectria h . . . 468 e-131 
gi 2852373 (AF043941) mitogen-activated protein kinase [Pneumoc 467 e-131 
gi 1666813 (U70134) pathogenicity MAP kinase 1； Pmkl； MAP kinas 458 e-128 
sp P28869|ERKl_CANAL EXTRACELLULAR SIGNAL-REGULATED KINASE 1 (E.！‘ 439 e-122 
pir||A47211 protein kinase ERK (EC 2.7.1.-) CEK1 - yeast {Candi!！！ 437 e - 1 2 2 
gi 170869 (M76585) protein kinase [Candida albicans] ‘ 4 3 7 e-122 
sp P27638 SPK1_SCHP0 MITOGEN-ACTIVATED PROTEIN KINASE SPK1 (MAP. 412 e-114 
sp P14681 KSSl_YEAST MITOGEN-ACTIVATED PROTEIN KINASE KSS1 (MAP. 388 e-107 
pir||A39754 mitogen-activated protein kinase (EC 2.7.1.-) - A f r . ‘ 368 e-101 
sp P26696|ERK2_XENLA MITOGEN-ACTIVATED PROTEIN KINASE (MYELIN X 368 e-101 
gi 64894 (X59813) MAP kinase (Xenopus laevis] 367 e-101 
gi 1110512 (U40484) MAP kinase [Aplysia californica] 3 5 7 e-101 
sp P16892IFUS3_YEAST MITOGEN-ACTIVATED PROTEIN KINASE FUS3 (MAP. 365 e-100 
Fig. 4.16. BLASTX window showing the search results of the translated complete 
coding sequence of L edodes MAPK. The box shows the 13 proteins having the 
highest scores in sequence alignment. 
Proteins Organisms |vs. UMAPK\"^ Remarks"^" "^"^^References 
% Identity 
FsMAPK Fusarium solani 69% high homology with SPK1 ~ ~ U e t a l . , 1997. 
and FUS3 Gene 
195(2):161-166 
P M K 1 Magnaporthe grisea 6 8 % (l)can rescue mating defect in ~ X u and Hamer, 
a S. cerevisiae fus3 kssl i996 ’ 
double mutant Genes Dev 
(2) essential for appressorium � ^ n u ^ Z Q A i i n f i . formation and infectious 10(21) .2696-2706 growth 
C E K 1 Candida albicans 6 5 % (l)ability to interfere with the Csank et al 1998 
S. cerevisiae MAPK mating ^ect. Immun.. 
P f " l ^ . „ , 66(6):2713-2721 (2) responsible for agar-
invasive hyphal growth undei 
nitrogen-starvation 
S P K 1 Schizosaccharomyces pombe 6 2 % involves in mating pathway Gotoh etal., 1993. 
and responsible for Mol Cell Biol 
sporulation and conjugation 13(10):6427-6434 
K S S 1 Saccharomyces cerevisiae 6 1 % regulates filamentous Madhani et al., 
growth pathway 1997. 
Cell 91: 673-684 
FUS3 Saccharomyces cerevisiae 56% ~ r e g u l a t e s pheromone Madhani et al., 
response pathway for 1997. 
mating Cell 91: 673-684 
Table 4.4. Functions of six ascomycetes MAPKs that share the highest sequence 
homology with L. edodes MAPK {LeMAPK) 
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4.4 Discussion 
The aim of this chapter was to obtain the full-length cDNAs of L edodes 
cyclin B and MAPK, in preparation for their functional studies with yeast 
complementation analyses. The 3，and the 5' ends of both genes have been 
successfully amplified by RACE, and here are a few points that are crucial for getting 
good results from this technique. 
The first is primer design of the gene specific primers. Efficient and specific 
PCR amplification is highly dependent on primer design. This is especially true for 
RACE applications since the PCR is carried out with only a single gene specific 
primer. It seems that it is better to use longer gene specific primers (larger than 20-
mer) in RACE, not only because longer primers give more specificity during template 
annealing, also, the resulting higher Tm of the primers allow a more stringent PCR 
condition for the amplification of RACE products. For example, in 3 'RACE of cyclin 
B, the primer CycBUpl (Tm=73.8�C) produced non-specific bands whereas another 
gene specific primer with higher T^, K-CycBUp2 (75.2°C), yielded a specific 
3，RACE product of size 800bp (Fig. 4.5b). However, the T^ differences between the 
gene specific primers and the other primer in the PCR reaction (e.g., AUAP; 
Tm=71.5°C) should be keep as little as possible, because the unbalanced T^s of the 
primer pair would greatly lower the efficiency of the PCR. 
Since only limited sequence information was available for primer design, 
GSP2 had to serve in both the primary amplification and the reamplification of 
5 'RACE products. Care must be taken for the design of GSP2, because it will pair 
with two very different primers, AAP (Tm=90.1�C) and AUAP (Tm=71.5�C)，in two 
separate reactions, therefore its Tm should lie between these two temperatures, ]n 
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5'RACE of MAPK, the T^ of K-MAPKLp3 was 83.6�C，and it was possible to 
generate a prominent and specific 750bp-RACE product (see Fig. 4.7). 
Tm of the gene specific primer is not the only factor that governs the efficiency 
of RACE, presence of secondary structures and the formation of hairpins, especially in 
the 3’ end of the primer, would greatly hamper the primer-template annealing. 
However, these problems should be avoided during the design of the primers, for 
which commercially available primer-design computer software (like OLIGOS) could 
be useful. 
Because nested primers were not available, nested PCR could not be used for 
improving the specificity in the reamplification steps. For compensation, Touch-
down' PCR was used in the reamplifications of the primary RACE products to 
prevent generation of non-specific PCR products. 
Although PCR conditions of high stringency were employed, control 
experiments, especially those using only one of the PCR primers (e.g., "AUAP only" 
and "GSP only" controls), were done in parallel with the RACE reaction. It is the 
ultimate way to avoid false-positives from sophisticated techniques like RACE. 
Moreover, predictions of the RACE products' sizes are very important. All RACE 
products smaller than their expected sizes will not be isolated and reamplified, 
because their sequences probably are truncated. This cannot be shown by the RACE 
controls. 
Technical difficulties were present when sequencing the RACE products from 
their 5，or 3，ends. Since adaptor primers consist of poly-T and poly-G were added 
onto the ends of cDNAs during RACE, sometimes the DNA polymerase of the 
sequencing reaction cannot "get through" these stretches of Gs and Ts and therefore 
stops the reaction immaturely. Optimizations like increasing the concentration of 
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DNA polymerase in the sequencing reaction may help to generate a longer sequence, 
but it would be better to sequence the RACE product from the other end if recurrent 
failure of the sequencing reaction occurs. 
Comparison of the expected and the resulting sizes of the RACE products 
shows that the length of the 3’ and the 5’ untranslated regions (UTR) vary from gene 
to gene (see Tables 4.1 and 4.2). In the 5 'RACE of cyclin B, as mentioned in section 
4.3.2, no homology was found between the 800bp-sequence with other cyclin Bs in 
the databank. It is possible that the 5 'UTR of L edodes cyclin B is longer than 800bp, 
or perhaps the very 5' region of the B-type cyclins are not that conserved. However, 
this RACE product should be checked by a PCR that uses K-CycBUp2 and K-
CycBLp2 as primers and the gel purified RACE product as template, if the resulting 
PCR product is not the 207bp cyclin B fragment, a false-positive might have been 
obtained. 
The start codon of the L edodes MAPK was recognised from the nucleotide 
sequence of its 5 'RACE product, together with its 3，sequence, a pair of PCR primers 
could be designed for the amplification of the full-length sequence from Shiitake 
mushroom's cDNA. As the full-length cDNA would be expressed in S. cerevisiae, it 
was necessary to tailor the sequence for efficient transcription and translation in this 
organism. Much of the engineering can be done on the 5’ PCR primer. First is to 
eliminate all non-coding sequence especially in the 5 'UTR, since upstream ATGs, 
high G content, and secondary structure in the 5 'UTR are all highly inhibitory to 
translational initiation in yeast (Kniskem etal., 1986; Kozak, 1989; van den Heuvel et 
fl/., 1990; Baim and Sherman, 1988; Cigan et aL, 1988). Another way to improve 
translation of the foreign gene in yeast is to precede the initiation codon with AT-rich 
sequence, preferably to AAAAAATG, in which the A at -3 position is the most 
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important; this favors efficient translational initiation in yeast (Cigan and Donahue, 
1987). A third way is to include suitable restriction sites for directional cloning into 
the yeast expression vector. In our case BglII and XbaI were selected for cloning L 
edodes MAPK into the vector pRS316-GALpro, because they are the more efficient 
restriction enzymes having recognition sites present in the multiple cloning site of the 
vector, and most importantly, they do not have restriction sites on the sequence of the 
MAPK, which was confirmed by cutting the 3，and 5’ MAPK RACE products with 
these two enzymes. Li addition to the above basic requirements, a 33bp DNA-
sequence encoding the hemagglutinin epitope (HA) YPYDVPDYAG (Wilson et aL, 
1984) was inserted after the ATG initiation site. This would result into a fusion 
protein with the HA-epitope tagged at the amino terminus of the MAPK after 
translation, which allows the elucidation of the size and abundance of L edodes 
MAPK by westem blot even if antibody raised against the protein is not available. The 
monoclonal antibody, 12CA5, which recognises the HA-epitope with high avidity, is 
used for monitoring the expression of this heterologous protein in yeast. 
The HA-tagged full-length cDNA of L. edodes MAPK was successfully 
amplified by PCR and its sequence encodes for a polypeptide with 368 amino acids. 
This coding sequence is now designated as LeMAPK. The presence of the signature 
sequence of the MAPK family, [LP/M] [TS]X[YX] [LrVM]XT[KR] [WY]YRXPX 
[LrVM][LP/M], and that of the YERK1 subfamily, LSXDHXQYFXYQXLRA 
(Kiiltz，1998), along with the threonine-tyrosine dual phosphorylation sites of the 
MAPK (T*EY*), all suggested that the putative MAPK sequence that has been isolated 
from Shiitake mushroom is in deed a MAPK, and it belongs to the subfamily YERK1. 
Members of the YERK1 subfamily are induced by pheromones and mating signals, 
and they are important for cell cycle regulation and conjugation (Gartner et al., 1992; 
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Gotoh et al., 1993). Together with the BLASTX search results that show the 
translated amino acid sequence of LeMAPK shares very high sequence identity with a 
number of ascomycetes MAPKs, which all belong to the YERK1 subfamily (Kultz, 
1998) and have some degree of relation to the pheromone response pathway and 
filamentation/ invasive growth pathway (see Table 4.4), it is quite possible for 
LeMAPK to possess similar functions. Therefore, in the next chapter, this speculation 
would be tested by complementation analysis with a S. cerevisiae fus3AksslA double 
mutant to see if LeMAPK could rescue the mating and invasive growth defects. 
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Chapter Five Functional Analysis of LeMAPK by Yeast 
Complementation Test 
5.1 Introduction 
Saccharyomyces cerevisiae, the budding yeast, is by far the most extensively 
studied eukaryotic model system. The genome of yeast has been completely 
sequenced recently; it has a size of 12,068kb and totally defines 5,885 potential 
protein-encoding genes. Despite its small genome size, S. cerevisiae displays most of 
the features of higher eukaryotes, especially those mechanisms involve in basic 
cellular processes (Goffeau et aL, 1996). 
The genetics of yeast has been comprehensively characterized; besides its 
compact genome, there are other qualities that make the yeast a popular model system 
for the eukaryotes. First, since yeast can be grown on defined media, many nutritional 
auxotrophs have been isolated, which could be used as nutritional markers for genetic 
analysis. Other mutants with different phenotypes could also be isolated by using 
different media. Second, yeast is stable either as haploid or diploid. Genetic elements 
could be brought together easily by mating of two opposite sex cells to form a diploid, 
or on the other hand, alleles from a diploid could be separated by inducing spore-
formation, then the meiotic products (spores) could be isolated by ascus dissection. 
This life cycle of the yeast also facilitates genetic analysis such as complementation 
tests and identification of both dominant and recessive mutations. 
Complementation of defective genes in S, cerevisiae has been widely used for 
the identification of functionally related or homologous genes from other organisms, 
such as human cyclin D1 (Xiong et aL, 1991)，human CDC2 and CDK2 genes 
(Ninomiya-Tsuji et al., 1991) and a potassium channel (KAT1) from Arabidopsis 
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thaliana (Anderson et al., 1992). Moreover, complementation test has also been used 
for addressing the function of a heterologous gene by its ability to functionally replace 
the defective gene in the yeast mutant. For example, Shishido and his colleagues 
showed that Le.ras could functionally replace yeast Rasl and Ras2 by 
complementation analysis (Ishibashi and Shishido, 1994). In this project, I tried to use 
this powerful approach to verify the in vivo function of LeMAPK by introducing the 
HA-MK construct into appropriate yeast mutants. 
A suitable vehicle is needed for introducing and expressing foreign genes into 
yeast. A particular type of yeast expression vector, the yeast-E. coli shuttle vector, is a 
good choice. Shuttle vectors are able to propagate, and be selected for, in yeast as well 
as in E. coli. This dual host capability enables us to construct the recombinant plasmid 
first in E. coli, which has a more efficient cloning strategy, before transforming the 
finishing product into yeast (Khan et aL, 1987). The shuttle vector pRS316-GALpro 
was used for the expression of LeMAPK in this project (Fig. 5.1). pRS316-GALpro is 
a low copy number vector having GAL10 as promoter, a pBluescript multiple cloning 
site for efficient cloning, and with URA3 and ampicillin genes that serve as selection 
markers in yeast and E. coli respectively. The GAL10 promoter could be induced 
1000-fold in the presence of galactose, but the promoter would be repressed if glucose 
were present in the media (Guarente et aL, 1982; Johnston and Davis, 1984). The 
ARS element on the vector is to confer autonomous replication of the plasmid in yeast 
(Celniker and Campbell, 1982), whilst stability and low copy number are mediated by 
the centromere (CEN) (Apostol and Greer, 1988). A low copy number vector like 
pRS316-GALpro was chosen for the expression of LeMAPK in yeast because most 
kinases are expressed at low levels in the cells, which is particularly true for MAPKs 
that are involved in signal transduction cascades. 
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Fig. 5.1. Plasmid map of yeast expression vector pRS316-GALpro 
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All organisms have to respond to cues from the extracellular environment for 
survival. The MAPK (mitogen-activated protein kinase) cascade, which consists of 
MAPK, MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK), is responsible 
for transducing extracellular signals from the cell surface to the nucleus of eukaroytic 
cells. Signal transduction is activated by the sequential phosphorylation of these three 
kinases: MAPKK is a dual-specificity serine/threonine and tyrosine protein kinase that 
phosphorylates the conserved TXY (Thr-Xxx-Tyr) motif of MAPK, whilst MAPKK is 
activated by MAPKKK phosphorylation, and MAPKKK responds to a signal 
generated by an extracellular stimulus. After the transmission of the signal through 
this MAPKKK-MAPKK-MAPK phosphorylation cascade, MAPK induces the 
expression of transcription factors and immediate early genes that are responsive for 
the particular stimulus. In addition to transmitting signals to the nucleus, the MAPK 
may also serve for amplification and integration of extracellular signals at the cellular 
level (Guan, 1994). 
The MAPK family belongs to the eukaryotic protein kinase superfamily, one 
of the largest superfamilies of proteins. Since the first member of the MAPK family 
was discovered in 1987 (Ray and Sturgill, 1987), more than a hundred full-length 
sequences of MAPKs from various eukaroytes have been reported. The overall amino 
acid sequence similarity among members of the MAPK family is more than 40%, and 
it has been demonstrated that the conserved regions are important for maintaining the 
proper folding of the MAPK protein (Kultz, 1998). Despite their high degree of 
sequence similarity, MAPKs in different pathways are stimulated by a variety of 
signals, such as mitogens, growth factors, cytokines, pheromones, osmotic stress, and 
heat shock (L'Allemain, 1994). Accordingly, MAPKs are functionally classified into 
SAPKs (stress-activated protein kinases) and ERKs (extracellular signal-regulated 
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kinases) depending on the kind of signals they respond. LeMAPK, the MAPK isolated 
from L edodes, belongs to the YERK1 subfamily of ERK subgroup (see Chapter 4). 
Members of the YERK1 subfamily are ERKs from yeasts and fungi, to name a few, 
SPK1 from Schizosaccharomyces pombe, MAPK from Candida albicans, FUS3 and 
KSSI from S. cerevisiae. Functions of YERK1 MAPKs include pheromone response, 
cell cycle regulation and conjugation (Gartner et aL, 1992; Gotoh et al.’ 1993； Csank 
etaL, 1998; Madhani et al, 1997). 
Sequence analysis of LeMAPK showed that it has high sequence homology 
with ascomycetes MAPKs that are related to pheromone response and filamentation/ 
invasive growth pathways. In basidiomycetes like C. cinereus, S. commune, and U. 
maydis, their B/a mating-type loci were found to encode mating pheromones and 
pheromone receptors (Casselton and Olesnicky, 1998). Although no direct evidence 
has been shown on how pheromone functions in basidiomycetes, it is speculated that 
pheromones may be involved in coordinating the division and distribution of nuclei 
during the formation of clamp connections which is responsible for the maintenance 
of dikaryotic cells. 
The yeast pheromone pathway (Fig. 5.2) is one of the best-studied signal 
transduction pathways. Pheromone secreted from a yeast cell of the opposite mating-
type (a or a ) binds to the pheromone receptor during mating. On pheromone 
stimulation, the Gp^ subunit of the G protein would be released and then activates 
Ste20 protein downstream of the signaling pathway, which, in tum, induces the 
sequential phosphorylation of STE11 (MAPKKK), STE7 (MAPKK), and FUS3 
(MAPK) of the pheromone pathway (Wu et al, 1995; Neiman and Herskowitz, 1994; 
Errede et al., 1993). The Ste5 protein acts as a scaffold to anchor the members of the 
MAPK cascade (Marcus et al, 1994). The activated FUS3 (MAPK) phosphorylates 
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the transcription factor STE12, which interacts with other transcription factors to 
activate the expression of "mating genes", for examples, genes required for cell cycle 
arrest, cellular and nuclear fusion, and up-regulation of the pheromone and receptor 
genes (Konopka and Fields, 1992). 
As illustrated in Fig. 5.2, the yeast pheromone pathway and the filamentous 
growth pathway share many of their components. The filamentous growth pathway is 
responsible for two related phenomena: diploid yeast cells that undergo nitrogen 
starvation form pseudohyphae, which are composed of invasive filaments of elongated 
cells (Gimeno et al., 1992); whereas invasive growth occurs in haploid cells on rich 
medium (Roberts and Fink, 1994). FUS3 and KSS1 were once thought of as a pair of 
MAPKs that serve the pheromone pathway in a redundant manner, because only the 
fus3 kssl double mutant showed severe mating defect but mutants having either/w^i 
or kssl null mutations still would show little effect on mating responses (Whiteway 
and Errede, 1993). However, recent reports show that FUS3 and KSS1 are involved in 
separate pathways: the FUS3 MAPK regulates mating, whereas the KSS1 MAPK 
regulates filamentation and invasion. Manhani and his colleagues found that in 
addition to their kinase-dependent activation functions, KSS1 and FUS3 each have a 
distinct kinase-independent inhibitory function - the presence of inactivated proteins 
of KSS1 or FUS3 prevent erroneous cross-talk of the two pathways that causes the 
leaky phenotypes of the single mutants (Madhani et aL, 1997; Madhani and Fink, 
1997). 
In this chapter, the function of LeMAPK was tested in S. cerevisiae with 
fus3AksslA double mutations (EY966). Since the homologues of LeMAPK have 
functions related to both pheromone and invasive growth pathways (Table 4.4), and 
the amino acid sequences of FUS3 and KSS1 share 54% identity (Madhani and Fink, 
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1998), the abilities of LeMAPK to complement these two closely related MAPKs in 
the budding yeast were both tested. A double mutant was used for the 
complementation tests because it gives "cleaner" results for both phenotypes: mating 
and haploid invasive growth. 
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Fig. 5.2. Pheromone response and filamentation pathways of S. cerevisiae. STE11, 
STE7 and FUS3/KSS1 are analogs of MAPKKK, MAPKK, and MAPK respectively. 
Common components like STE20, STE11, STE7 and STE12 are involved in both 
pathways, but their MAPKs, FUS3 and KSS1 (grey box), are different. STE12 acts 
together with different groups of transcription factors to initiate the expression of either 
the mating genes or the filamentation genes. The question mark after 'starvation' 
indicates that there is uncertainty about the stimulus for the filamentation pathway. 
(Modified from Madhani et al. ’ 1997). 
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5.2 Methods and Materials 
5.2.1 The construct 
The HA-tagged full-length cDNA of LeMAPK was ligated into BamHI and 
XbaI sites of the yeast expression vector pRS316-GALpro. 
Five ^ig of the LeMAPK full-length PCR product (4.2.5.2) was purified from 
excess oligonucleotides by precipitation with 2.5M ammonium acetate and ethanol. 
The purified product was then completely digested with the restriction enzymes XbaI 
and BglII. At the same time, l^ig of pRS316-GALpro was completely digested with 
XbaI and BamHI to generate the sticky ends for cloning. Both the digested insert and 
vector were electrophoresed on a 1% agarose gel in IX TAE, and the 5.5kb digested 
fragment of pRS316-GALpro and the 1.5kb digested fragment of the PCR product 
were excised from the gel and purified with GeneClean™ (BIO 101). 
The ligation reaction was set up as follows: O.l^ig of gel purified pRS316-
GALpro，0.3^ig of gel purified insert, IX ligase buffer (50mM Tris-HCl [pH 7.6], 
lOmM MgCl2, l m M ATP, l m M DDT, 5% (w/v) PEG-8000) and lU T4 ligase were 
added to a final volume of 20^.1. The reaction was incubated at 1 6 � C ovemight. Five 
M-1 of the ligation mix was transformed into E. coli XL-1 Blue competent cells as in 
section 2.2.6.2，except that the heat shock was performed at 42°C for 2 min. After 
incubating the transformed cells in 1ml LB for 1 hour, the transformation mixture was 
spread onto a LB plate containing lOO^il/ml of ampicillin (LB+amp plates). 
After incubating the plate at 2>TC ovemight, transformants were picked and 
purified by streaking for single colonies on LB+amp plates. Presence of inserts in 
these colonies was checked by PCR screening as described in section 2.2.6.3, except 
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that E-MAPKUp3 and E-MAPKLp3 were used as the PCR primers instead of T3 and 
T7. Inserts were present in those colonies showing a 150bp-PCR product after 
screening and plasmid DNA was then extracted from the transformant as in 2.2.6.4. 
The size of the plasmid DNA was determined by electrophoresis of the NotI-
linearized DNA on a 1% agarose gel. The construct was designated as HA-MK. 
5.2.2 Yeast stains and media 
Yeast stains used in this study were W303 (MAIa leu2-3/112 ura3-I trpl-1 
his3-ll/15 ade2-l canl-100 GAL SUC2), YPH499 (MA7a ura3 leu2 his3 trpl lys2 
^de2), EY492 {MATa lys9), EY419 (MA7a ura3-52 trplAl leu2-3,I12 lys2-801 Fus3 
-6::LEU2), and EY966 (MAIa sstlA ade2-l his3-ll,15 leu2-3,112 trpl-1 ura3-l 
canl-100 Fus3 -6::LEU2 Kssl::HIS3). 
YPD plates contained 1% yeast extract, 2% peptone, 2% glucose and 2% 
Bacto agar (Difco). SD-minimal plates comprised of 6.7g/l yeast nitrogen base 
without amino acids (YNB-AA, Difco), 2% glucose and 2% Bacto agar. Uracil drop-
out plates (SD URA") contained 6.7g/l of YNB-AA, 2% glucose and 2% Bacto agar, 
supplemented with 2^g/ml of adenine, L-tryptophan, and L-histidine, and also 3)_ig/ml 
of L-leucine and L-lysine (Sherman, 1991). The YEPgal and SDgal plates have the 
same composition with YPD and SD plates respectively, except that 2% glucose was 
replaced by 2% galactose. Liquid media were prepared as the solid media but omitting 
Bacto agar. 
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5.2.3 Yeast Transformation 
The HA-MK construct and pRS316-GALpro were transformed into EY966 
and EY419 using the lithium acetate method (Ito et al., 1983). The yeast strain to be 
transformed was grown ovemight from a single colony in 5ml YPD. The ovemight 
culture was then diluted into 50ml of fresh YPD medium to ODeoo = 0.2, and was 
incubated at 3 0 � C with shaking for about 3.5 hours or until ODeoo reached 0.4 to 0.5. 
The cells were harvested by centrifugation at 3,OOOrpm for 10 min, and the cell pellet 
was washed once with 50ml of sterile water. The washed yeast cells were resuspended 
in 1ml ofLiOAcA^E buffer (O.lM LiOAc, lOmM Tris-HCl, pH 7.5’ l m M EDTA) and 
then transferred to a sterile eppendorf tube. The cells were spun down by brief 
centrifugation and the supernatant was discarded. The cells were resuspended with 
fresh LiOAcATE buffer to 1ml and were ready for transformation. 
Each transformation mixture consisted of lOO i^l of prepared cells, 50p,g 
Salmon sperm DNA, 200^1 of PEG/ LiOAcAE solution (40% w/v PEG 4000 in 
LiOAcATE buffer), and l | ig of the HA-MAPK construct. For the negative control, 
everything except the DNA of interest was contained in the mixture; whereas in the 
“empty vector" control, the yeast expression vector without insert was used instead of 
the construct. The transformation mixtures were incubated at 3 0 � C for 30 min, then 
heatshock was performed at 42°C for 15 min. After a quick spin to pellet down the 
cells, the supematant was removed. The cells were resuspended in lOOp,l of sterile 
water and plated on an appropriate selective plate (SD URA"). The plates were 
incubated at 30°C for 2 days for the appearance of transformed colonies. 
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5.2.4 Monitoring the Expression of HA-MAPK by Western Analysis 
5.2.4.1 Preparation of Cell Lysate from Yeast 
(a) Culturing yeast cells 
Five ml of SD URA" and SD gal URA' were inoculated with a single cell 
colony of the yeast transformants to be analyzed. The cultures were incubated at 3 0 � C 
with shaking. On the next day, the overnight cultures were subcultured into 50ml of 
fresh media and grown at 30°C with shaking until OD6oo reached 0.4-0.6. The cultures 
were transferred into chilled 50ml Falcon tubes, and yeast cells were harvested by 
centrifugation at 3,OOOrpm for 8 min at 4°C. In each tube, the supernatant was 
carefully poured off and the cell pellet was resuspended in 50ml of sterilized ice-cold 
water. The pellet was recovered by centrifugation at 3,OOOrpm for 8 min at 4 � C . Water 
was completely drained off by inverting the tubes on tissue papers, and the cells were 
immediately stored at -70°C until use. 
A negative control was set up by growing an ovemight culture of W303 in 
10ml YPD and followed the above washing steps. 
(b) Cell Disruption Using Glass Beads 
One hundred \i\ of lysis buffer (50mM Hepes-NaOH [pH 7.2]，l(X)fig/ml 
PMSF，5mM MgSO4, 40mM (NH4)2SO4, lOmM NaN3, O.lmM EDTA) was used to 
resuspend 10 OD of cells, and the resuspension was transferred to a 10ml glass test 
tube. An equal volume of glass beads (0.45-0.55mm) was added into the tube, and the 
suspension was vortexed at top speed for three 20-sec intervals. Between each 
vortexing, the tube was chilled on ice for 30 sec to cool down as heat was generated. 
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The supernatant was transferred to an eppendorf tube, while a 5j_il aliquot was saved 
for protein concentration assay by the Lowry method. 
Equal volume of 2X SDS sample buffer (0.15M Tris-HCl, pH6.8, 4.8% SDS, 
24% glycerol, 2.4% 2-mercaptoethanol, 0.02gy'l00ml bromophenol blue) was mixed 
well with the supernatant and heated at 9 5 � C for 5 min to denature the protein. The 
tube was centrifuged at 13,000rpm for 1-2 min in order to spin down the cell debris. 
Fifteen i^l of the supematant (approx. 50p.g total protein) was loaded into the well of a 
minigeL Five i^l of BenchMark™ prestained protein ladder (GibcoBRL) was also 
loaded. 
5.2.4.2 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) 
A 10% SDS-PAGE minigel was set using the Bio-Rad Mini-Protean H 
apparatus. Glass plates and 0.75mm spacers were cleaned with absolute ethanol and 
dried, then the gel casting apparatus were assembled according to the instruction 
manual of the manufacturer. To make 6ml of 10% resolving gel, 1.5ml of 40% 
Acrylamide/Bisacrylamide 37.5:1 mixture (Amresco), 1.5ml of 1.5M Tris-HCl 
(PH8.8), 60^1 of 10% SDS, 2.5fil of TEMED (BioRad), 30^il of 10% APS 
(Ammonium persulfate) and 2.9ml of ddH2O were mixed gently by swirling. With a 
pasteur pipette, the gel solution was introduced carefully between the glass plates 
along one of the spacers until the gel was filled to % of the short plate. The top of the 
gel was then covered with a layer of isobutanol in order to keep the gel surface flat. 
The resolving gel was allowed to polymerize for about 45 min or until set. Then, the 
overlaying isobutanol was rinsed offcompletely with ddH2O. 
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Five ml of 5% stacking gel was prepared by mixing the following: 0.625ml of 
40% Acrylamide/Bisacrylamide 37.5:1 mixture, 1.5ml of 1.5M Tris-HCl (pH6.8), 
50^il of 10% SDS, 3^1 of TEMED, 40|il of 10% APS and 3ml of ddH2O. The area 
above the resolving gel was dried with a strip of filter paper, then the stacking gel was 
poured onto the resolving gel until it reached the top of the front plate. A 15-teeth 
comb was inserted into the gel sandwich until the bottom of the comb was 1cm from 
the gel boundary. Care was taken to avoid introducing air bubbles. The stacking gel 
was left to set for 30-45 min, then the comb was carefully removed. 
After the gel running apparatus was assembled, about 115ml of IX running 
buffer (25mM Tris, 192mM glycine, 0.1% SDS; pH 8.3) was added into the upper 
buffer chamber or until the buffer had covered the top of the gel, and the remaining 
buffer was poured into the lower chamber so that at least the bottom 1cm of the gel is 
covered. The wells were rinsed thoroughly with IX running buffer using a syringe, 
then the protein samples were loaded with a Hamilton syringe or with a pipette using 
flat tips. The gel was run at 200V for 45 min. 
5.2.4.3 Westem Blotting 
Proteins were transferred from the gel to a 0.45nm nitrocellulose membrane 
(BioRad) with BioRad Mini Trans-Blot® Electrophoretic Transfer Cell in IX transfer 
buffer (25mM Tris, 192mM glycine, 20% v/v methanol). All set-ups were assembled 
as instructed in the manual, while care was taken to avoid trapping bubbles between 
the gel and the membrane. Gloves and forceps were used when handling membranes 
to prevent contamination. To avoid over-heating during transfer, a cooling unit filled 
with ice was installed in the buffer chamber, and the whole transfer unit was placed in 
an ice bath. Proteins were transferred from cathode to anode at 100V for an hour. 
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Complete protein transfer was examined by staining the membrane and the gel 
with Ponceau S (5 mg/ml in 1% [v/v] acetic acid) and Coomassie Blue (staining 
solution: 0.1% w/v Coomassie Blue R-250, 40% methanol, 10% v/v acetic acid; 
destaining solution: 40% methanol, 10% v/v acetic acid) respectively. 
5.2.4.4 Immunodetection 
The membrane was blocked with 10% w/v bovine serum albumin (BSA) in 
TBS-T (0.1% Tween-20, KC1, NaCl, lOmM Tris-HCl, pH 7.4) for 1 hour. Then the 
blocking solution was poured off, and the membrane was rinsed briefly with TBS-T 
three times. The membrane was incubated with the primary antibody, 1:1,000 dilution 
of monoclonal 12CA5 antibody (Boehringer Mannheim) in 3% BSA/0.01% sodium 
azide in TBS-T, at 4 � C ovemight with gentle rocking. The membrane was rinsed 
briefly with two changes of TBS-T, then washed once for 15 min and twice for 5 min 
with fresh changes of washing buffer at room temperature. The. secondary antibody, 
1:5,000 dilution of horseradish peroxidase linked anti-mouse Ig (Amersham) in 
3%BSA/TBS-T, was prepared and incubated with the membrane at room temperature 
for 1 hour. For the final washing steps, the membrane was washed with large volume 
and fresh changes of TBS-T, once for 15 min and 5 min for four other times. 
5.2.4.5 ECL Detection 
Excess buffer was drained from the washed membrane, and it was put on a flat 
surface with the protein side up. Equal volume of solutions 1 and 2 from ECL westem 
blotting detection reagents (Amersham) were mixed then added onto the membrane. 
The reaction was incubated for precisely 1 min, then the membrane was press-dried 
between two filter papers and quickly wrapped in cling-film. In the dark room, a sheet 
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of Hyperfilm-ECL (Amersham) was placed on the membrane and exposed for 1 min, 
5 min and 15 min. The film was developed as the original autoradiography films. 
5.2.5 Complementation test of LeMAPK on yediSifus3AksslA double mutant 
5.2.5.1 Mating test 
A master plate of yeast transformants to be tested was prepared by applying 
small patches of the strains on the surface of a SD-gal URA" plate and incubated at 
30°C for 2 days; whereas the wild type strains for positive control were patched on a 
YEP-gal plate and incubated overnight. The a tester EY492 was grown ovemight in 
1ml YEP-gal broth, then 200^il of the ovemight culture was spread on a YEP-gal 
plate. Sterile velvet was used to press and print this freshly spread plate several times 
in order to get a completely even distribution of cells. This a tester master plate was 
incubated at 30°C overnight. 
The master plates of the yeast transformants, the positive controls, and the a 
tester was replica plated onto a YEP-gal plate with sterile velvets. The plate was then 
incubated ovemight at 30°C for mating. On the next day, the mating plate was replica-
plated onto a SD-minimal plate and incubated at 30°C for 3-4 days. Strains that were 
able to grow on minimal medium showed their ability to mate thus complemented 
their nutrient requirements with the a tester strain. A set of negative-control 
experiments was done on glucose-containing media instead of galactose. 
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5.2.5.2 Haploid invasive growth 
W303, EY966/pRS316-GALpro, EY419/pRS316-GALpro, and the 
EY966/HA-MK yeast transformants were patched onto a YPD plate and a YEPgal 
plate. After incubating at 3 0 � C for 4 days, the plates were washed under a stream of 
water, then the ability of the cells to be retained on the plates was recorded. 
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5.3 Results 
5.3.1 The construct - from E. coli to yeast 
The full-length cDNA of LeMAPK was cloned into the BamHI and XbaI sites 
of the yeast expression vector pRS316-GALpro. Fig. 5.3 shows 50ng of the digested 
vector (lane 4’ 5.5kb) and 200ng of the insert (lane 5’ 1.5kb), both were gel-purified 
prior to the ligation reaction. Lanes 1-3 were the controls: lane 1 shows the apparent 
sizes of the undigested vector; lanes 2 and 3 show the linearized size of pRS316-
GALpro (5.5kb) and the presence of BamHI and XbaI sites on the vector. 
After ligation, the mixture was first transformed into E. coli for selection and 
confirmation before transforming into the yeast mutants. Plasmids were extracted 
from those transformants that appeared on the LB+amp plates, and they were checked 
for the presence of LeMAPK by NotI restriction digestion (Fig. 5.4). As Notl has only 
an unique cutting site on pRS316-GALpro and without any cutting site on LeMAPK, 
those linearized constructs with the expected size 7.0kb (vector 5.5kb + insert 1.5kb) 
were considered as authentic. The plasmid map of the construct HA-MK is shown in 
Fig. 5.5，the directions of the arrowheads indicate the orientations of LeMAPK and 
other genes on the vector. 
HA-MK and three other E. coli clones of the construct (MKl-3 , without the 
HA-tag)，together with the empty vector pRS316-GALpro, were transformed into the 
yeast mutants. Fig. 5.6 shows an example of yeast transformation. Usually 100-1000 
transformants could be obtained per ^ig of plasmid for each transformation. 
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Fig. 5.3. Restriction digested LeMAPK full-length cDNA and pRS316-GALpro. 
Lane 1，undigested pRS316-GALpro; lane 2, 5flmH/-digested pRS316-GALpro; 
lane 3，XZ7fl/-digested pRS316-GALpro; lane 4，50ng ofBamHI，XbaI-digcsttd ’ 
pRS316-GALpro, 5.5kb; lane 5, 200ng of BglII, X^a/-digested LeMAPK, 1.5kb. 
Both the digested vector and the insert were gel purified. M, lkb DNA marker. 
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Fig. 5.4. The size of transformants after NotI restriction digestion. 
Lane 1，undigested pRS316-GALpro; lane 2’ A^or/-digested pRS316-GALpro; 
lanes 3-7, A^or/-digested transformants, the insert LeMAPK presents in lanes ‘ 
3，5, and 6; M, lkb DNA marker 
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Fig. 5.5 The plasmid map of the construct HA-MK 
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Fig. 5.6. Yeast transformation ofEY966/HA-MK. l^ig o f t h e construct HA-MK was 
transformed into yeast mutant EY966 by lithium acetate method. Transformation 
mixture was spread onto a SD URA' plate and incubated at 3 0 � C . Transformants 
started to appear after 2 days of incubation. 
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5.3.2 The expression of LeMAPK in yeast and the complementation tests 
To monitor the expression of the heterologous protein LeMAPK in the yeast 
mutant EY966, westem blot analysis was done using the monoclonal antibody 12CA5 
to detect the expression and the size of the HA-tagged LeMAPK protein (Fig. 5.7). 
The result shows that under the GALIO promoter, the full-length cDNA of LeMAPK is 
translated into a 41kDa protein, which is very close to the theoretical size predicted 
from its sequence. The negative control W303 and the empty vector control show the 
specificity of the antibody, and the "glucose controls" show that LeMAPK was 
expressed only under the control of the GAL promoter on the construct. 
Fig. 5.8" shows the results of the mating test. Two wild-type strains, W303 and 
YPH 499，were used as positive controls; whereas the mutant EY966 and its empty 
vector control were used as negative controls. The complementation results show that 
LeMAPK cannot functionally replace FUS3 of the yeast pheromone response pathway: 
mating did not occur between the EY966 transformants (MATa) and the a tester 
(EY492), therefore they could not complement the nutrient deficiencies of each other 
by forming diploids, and thus could not grow on the minimal media. 
LeMAPK could not complement KSS1 of the yeast filamentation pathway 
either. All of the four EY966!LeMAPK transformants (patches 1-4) show no sign of 
invasive growth and were washed away after incubation on rich media at 30°C for 4 
days. EY966 (fus3AksslA) with the empty vector (patch 6) acted as the negative 
control, whereas the wild-type strain W303 (patch 5) and the empty vector control of 
EY419 (fus3A, patch 7) served as positive controls. However, only EY419 showed the 
phenotype of haploid invasive growth, while the patches of W303 were washed away 
from both of the YPD and YEP-gal plates. The reason for this is unclear. 
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Fig. 5.7. Monitoring the expression of HA-MAPK in EY966 by Westem Analysis. 
The wild-type strain W303 served as a negative control (left-hand most lane). pRS316, 
the “empty vector" (pRS316-GALpro) control; HA-MAPK 1-3; triplicates o f t h e yeast 
transformants with the HA-MK construct. Left panel ("glucose")： yeast transformants 
grew in SD URA" (GAL10 promotor repressed); right panel ("galactose")： yeast 
transformants grew in SD gal URA_ (GAL10 promotor induced). 50^ig of cell lysate 
was loaded in each lane. 12CA5 monoclonal antibody was used for the detection. 
Arrowhead indicates the 41kDa HA-tagged LeMAPK expressed in the mutant EY966. 
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Fig. 5.8. Mating test of EY966/LeMAPK transformants. (a) Grided-map showing the 
locations and the identities of the tested patches: 1’ W303; 2, YPH499; 3 EY966. 
4’ EY966 transformed with pRS316-GALpro (empty vect'or 'control); 5-24, EY966 
transformed with LeMAPKconsimcis: 5-9，MK1; 10-14’ MK2; 15-19，MK3; 20-24; 
HA-MK. (b) Master plate of the transformants patched on SD URA"plate. (c') Replica 
plate of the patches on SD plate after mating with a tester (d) Replica plate of the 
patches on SD-gal plate after mating with a tester. Only the wild-type positive 
controls(W303 and YPH499) that were able to mate with the a tester could survive 
on the minimal plates. 
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Fig. 5.9. Haploid invasive growth. (a) The upper plate shows the tested strains 
patched onto a YPD plate. Patches 1-4’ EY966 (fus3kssI mutant) transformants 
containing LeMAPKcomimcis; patch 5, W303; patch 6，EY966 containing 
pRS316-GALpro; patch 7, EY419 (fus3 mutant) containing pRS316-GALpro. 
Following incubation, the upper plate was washed under a stream of water and 
rephotographed to yield the lower plate (washed). 
(b) same as (a) except that the experiment was done on a YEP-gal plate to tum on the 
GAL10 promotor. Only the empty vector control of EY419 showed invasive growth after washing the plates. 
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5.4 Discussion 
From the results of the complementation tests, it seems that LeMAPK of L. 
edodes cannot functionally replace FUS3 and KSS1- the MAP kinases that regulate the 
pheromone response pathway and the filamentous growth pathway respectively in S. 
cerevisiae. Here are some possible reasons for LeMAPK not showing positive results 
in the two complementation tests. 
The first and the most possible reason is the presence of point mutations on 
the LeMAPK construct, which could result in a non-functional LeMAPK protein. 
Although the Pfu DNA polymerase, a high-fidelity DNA polymerase that possesses 
proofreading activity, was used for the PCR amplification of LeMAPK full-length 
cDNA, some point mutations could still be introducted into the PCR products. The 
error rate of this polymerase, as stated in the manufacturer's manual (Stratagene), is 
1.3 X 10'6 mutation per base pair per duplication; which means that about 5.85% of the 
[.5kb-LeMAPK PCR products are mutated after 30 cycles of amplification. Since only 
four clones from different LeMAPK PCR products were put into the complementation 
tests, it is possible that all of these clones were mutated and resulting in non-
functional proteins. To prevent this, we should greatly increase the number of 
LeMAPK PCR products being tested for their ability to complement the yeast mutants. 
Although the anti-HA western blot showed that the LeMAPK was expressed in 
the yeast mutant as a 41kDa protein, it could not detect any slight truncations that 
might cause the heterologous protein to lose its functions. A SDS-PAGE size marker 
that gives sharper bands should be used instead of the prestained marker, which can 
only show approximate sizes of the protein. The best way to ensure the detection of 
the right protein is to nin a positive control of the same protein side-by-side with the 
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tested protein, however, since LeMAPK is the only MAP kinase found in L. edodes so 
far, a positive control is not available for confirmation. 
Apart from minor truncation, western analysis also cannot detect improper 
folding of proteins, which is a common problem for heterologous protein expression. 
For example, even though the TEY motif for threonine-tyrosine dual phosphorylation 
is present in the sequence of LeMAPK, improper folding of the translated protein may 
make the phosphorylation sites inaccessible for its MAPKK, resulting in an 
inactivated LeMAPK which thus loses its kinase activity. 
In addition, inappropriate expression level of LeMAPK in yeast may cause the 
failure of the protein to complement the function of FUS3 or KSS1 properly in the 
yeast mutant. In this study, a low-copy number CEN vector was used for the 
expression of LeMAPK in yeast. It was chosen because kinases are usually expressed 
at low levels in cells, but the exact levels are different from one another. This is 
especially true for the members of the MAPK cascades that are involved in signal 
transduction pathways: their expressions may be transient, and perhaps precise 
expression and activation levels of the kinases are very important for the normal 
signal transduction through the pathways, since their regulation may be controlled by 
complicated feedback networks. Therefore, to ensure the proper expression level for 
the heterologous protein in yeast, the promoter regions of Fus3 and Kssl genes may 
need to clone from S. cerevisiae and use them for the expression of LeMAPK. 
Technical problems may also cause unexpected results, which are especially 
obvious in the haploid invasive growth test (Fig. 5.9). The results showed that one of 
the positive controls EY419, which is a fus3A mutant, stayed on the plate after 
washing; whereas another positive control W303, which should be a FUS3 +KSS1+ 
strain, was completely washed away. The fus3AkssIA double mutant EY966 and its 
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transformants with the LeMAPK construct were also washed away. Except for the 
hyper-invasive phenotype that was observed in fus3l^ mutant (EY419), my results are 
quite different from that reported by Roberts and Fink (1994) even though the test 
conditions were strictly followed. Their results demonstrated that both the wild-type 
FUS3 +KSS1+ strain and the fus3AksslA double mutant showed some degree of 
invasive growth, but not as strong as that of the fus3H^ mutant. These contradictory 
results make data interpretation difficult. One of the possibilities is W303 is not a real 
wide-type and its ability for haploid invasive growth still needs to be confirmed. To 
solve this problem, a better positive control can be generated by introducing the yeast 
Kssl gene into the fus3AksslA double mutant to yield a ''KSSHfus3AkssM' 
transformant, using the same vector system for expressing LeMAPK (preferentially 
using the KSS1 promoter instead of GAUO). If the invasive growth phenotype of the 
“LeMAPK/fus3AksslA” transformant is the same as that of the “KSSllfus3AksslA” 
transformant, a more plausible conclusion can be drawn that LeMAPK complements 
KSS1', or vice versa, if the phenotype of the ''LeMAPK/fus3AksslA" transformant 
remains the same as thefusSAksslA double mutant. 
The same principle can also apply to the mating test. The original positive 
controls (wild-types W303 and YPH499) could only prove that the conditions for the 
mating test were suitable for mating; however, to prove that the heterologous 
expression system is functional, a “FUS3lfus3AksslA” transformant should be used as 
a positive control in the mating test. 
Another reason for the negative complementation test results, of course, is 
LeMAPK being functionally different from yeast FUS3 or KSSL By now there are six 
different MAPKs found in S. cerevisiae, which are responsible for regulating at least 
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five different signaling pathways: FUS3 for the pheromone response pathway, KSS1 
for the filamentous growth pathway, H0G1 for the osmoregulatory pathway, SKM1 
for sporulation pathway, and MPK1 and MLP1 for the hypotonic stress response 
pathway (reviewed by Madhani and Fink, 1998). So, it is possible that LeMAPK may 
be able to complement any of the remaining four yeast MAPKs other than FUS3 and 
KSSL 
Although the six yeast MAPKs share a high degree of sequence homology and 
are structurally alike, they do not interfere with the function of each other in a normal 
yeast cell. One of the explanation for this is the presence of special inhibitory 
mechanisms to avoid erroneous cross-talk among different MAPKs (as that in FUS3 
and KSS1, Madhani et al., 1997; Madhani and Fink, 1997)，another possibility could 
be MAPKs are highly specific for their recognition (e.g., phosphorylation by a specific 
MAPKK only) and their substrates (i.e. downstream transcription factors). As the 
result, a foreign MAPK like LeMAPK may not be able to substitute for the function of 
yeast MAPK because of its requirement of high specificity. 
Perhaps we should try to use LeMAPK to complement SPK1, the MAPK of the 
pheromone pathway of the fission yeast S. pombe (Neiman et al., 1993). As reviewed 
by Casselton and Olesnicky (1998), the basidiomycetes more closely resemble to S. 
pombe in pheromone pathway signal transduction because both of them use the a 
subunit of the G-protein for transmitting the signal (Gpy subunit is used in S. 
cerevisiae instead) and effecting the pheromone response with a member of the HMG-
box family rather than an S te l2p homolog. Together with the high sequence similarity 
between LeMAPK and SPK1, LeMAPK may able to complement SPK1 of the fission 
yeast pheromone pathway. . 
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Functional diversity and specificity of yeast MAPKs have made studying the 
function of LeMAPK by complementation tests difficult. The same problem had also 
occurred in the complementation test of KFR1, a MAPK identified in the African 
trypanosome Trypanosoma bmcei, which bears significant sequence similarity to S. 
cerevisiae FUS3 and KSS1 but also cannot functionally complement thQfus3AksslA 
double mutant (Hua and Wang, 1997). Both cases show the major drawback of this 
strategy of using yeast complementation tests to verify the function of a heterologous 
protein: one can only draw definite conclusions on the function of the protein when it 
can functionally complement the mutant, but if the test gives negative results, one 
cannot exclude the putative function of the protein because it is tested in a 
heterologous system. Therefore, as in our case, other methods like raising antibodies 
against LeMAPK to study its spatial and temporal expressions in the Shiitake 
mushroom, or to study its kinase activities with other MAPK substrates, may be 
necessary for further characterizing the function of this protein. 
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Chapter Six General Discussion 
Mushroom fruiting is one of the most fascinating processes in nature, both 
scientists and mushroom farmers are keen on knowing its secrets. The Shiitake 
mushroom, L edodes, is a commercially important mushroom. Understanding its 
developmental mechanisms could lead to practical applications related to the 
quantitative and qualitative improvements of mushroom production. However, due to 
the lack of mutants and genetic tools, it is difficult to study the molecular mechanisms 
of Shiitake mushroom development. The "reverse genetics" approach, the study from 
the gene back to the phenotype, is therefore used in this study to obtaining primary 
information on the development of L edodes. 
In the first part of this study, genes that are differentially expressed during the 
development of L edodes were identified and isolated by the method RAP-PCR. By 
comparing RNA fingerprints of four developmental stages of the mushroom, namely 
the mycelium, primordium, young fmit body, and mature fruit body, 40 differentially 
expressed RAP-fragments which may play important roles for fruiting initiation, 
primordium differentiation, and growth and maturation of fruit bodies were isolated. 
Followed by re-screening with dot-blot analysis, 10 fragments were selected for 
sequencing and 4 of them showed high sequence homology with other known genes in 
the databank, which included homologues of Cyclin B (control the entry into mitosis 
in cell cycle), Cdc39 (general negative regulator of transcription), fructose 1,6-
bisphosphatase (Fbp, a key enzyme in gluconeogenesis), and a-adpatin (intracellular 
molecule targeting). These gene-fragments, together with another RAP-fragment that 
encodes a MAP kinase homologue, are all up-regulated in transcript levels during 
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early mushroom development. These results suggest that 5 categories of genes, 
involving those for cell cycle control, transcription regulation, gluconeogenesis, 
intracellular molecule transport, and signal transduction, play important roles in 
fruiting initiation and primordium differentiation of L. edodes, providing clues for 
future studies. 
Northern blot analyses further confirmed the expression pattems of MAPK, 
cyclin B, and Cdc39. Transcript levels of the MAPK homologue increases 2.5 fold in 
the primordium and young fruit body stages, suggesting that active signal transduction 
is involved in these stages, and the possibility that continuous environmental 
stimulations are needed for the proper development of the young mushroom. 
The cyclin B homologue has a very low transcript level in the vegetative 
mycelium (Mo), however, after fruiting induction by cold shock and light, the 
expression level of cyclin B immediately increases to 4 time its basal level, which 
remains elevated to the end of the development process. This result has two 
implications: first, it indicates that the transcription of some genes can be induced 
directly by environmental stimulations, such as temperature fluctuation and light; 
second, the observation of increasing nuclei number in hyphal compartments during 
the maturation of mushroom (reviewed by Chiu, 1996) coincides with the elevated 
expression of cyclin B, which triggers mitosis in a cell cycle and suggests the 
developmental role of this gene in L edodes. Or another possible explanation, the 
increased cyclin B transcript level is for the support of the increasing cell numbers 
during the rapid expansion of the developing mushroom. On the other hand, the 
additional transcript which appears in the mature fruit body stage shows that member 
from a gene family could have different expression patterns, and they possibly control 
different aspects of the developmental process. 
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The Cdc39 homologue has less drastic transcriptional differences during L. 
edodes development, still, it could play significant roles in the mushroom 
development as it encodes a general negative transcriptional regulator. It is possible 
that Cdc39 regulates transient expression of genes by binding at their promoter, so as 
to prevent erroneous transcription in other developmental stages. Moreover, since 
Cdc39 has no more than 1.67 fold increase in transcript level during L edodes 
development, it can be used as the internal control for future expression level 
analyses. 
The proof of differential gene expression is only the first step in the 
developmental studies of an organism. To have a more in-depth characterization of the 
gene in the developmental mechanism, one should study the encoded protein because 
it is the end product of gene regulation. Also, as the putative functions of the isolated 
RAP-fragments are only deduced from sequence homology with other known genes in 
the databank, it is necessary to perform in vivo functional assays to confirm the 
identities of the gene products. Over-expression and knocking-out functions of genes 
are the most popular ways to study gene functions; however, in L edodes, these kinds 
of studies are hampered by the lack of a well-developed transformation system for the 
introduction and expression of the interested gene back into the mushroom. 
The putative functions of the MAPK and cyclin B homologues have suggested 
their important roles in Shiitake mushroom development, thus their gene functions are 
certainly worth further characterization. Yeast complementation analysis was 
employed as an alternative for verifying the in vivo functions of the mushroom 
homologues. Both the 3’ and 5’ ends sequences of L edodes MAPK and cyclin B 
were obtained by rapid amplification of cDNA ends (RACE); however, because of the 
time limit, only the full-length cDNA of L edodes MAPK [LeMAPK) was PCR 
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amplified and cloned into the yeast expression vector for the complementation tests. 
Full-length nucleotide sequence of LeMAPK shows signature sequences present in its 
deduced amino acid sequence, indicating that LeMAPK belongs to the YERK1 
subfamily of the MAPK family. Although the heterologous expressed LeMAPK 
protein could not complement the functions of S. cerevisiae FUS3 (the MAPK of 
pheromone response pathway) and KSS1 (the MAPK offilamentation pathway) in this 
experiment, it was suspected that point mutations that presented in the LeMAPK 
constructs might cause loss of function of the resulting proteins. More LeMAPK PCR 
products should be put to the test in order to eliminate this possibility. 
LeMAPK is the first MAPK ever discovered in basidiomycetes. Although its 
function in the Shiitake mushroom is still unclear, other MAPKs having high 
homology with LeMAPK are mostly ascomycetes MAPKs with functions related to 
pheromone pathways and matings. Moreover, Fuz7, a MAPKK homologue found in 
the plant pathogenic basidiomycete fungus U. maydis, was shown to participate in 
processes such as conjugation tube formation, filament formation, and maintenance of 
filamentous growth, which are related to the U. maydis mating-type a locus (= B locus 
of other basidiomycetes) that encodes pheromones and pheromone receptors (Banuett 
and Herskowitz, 1994). This information clearly shows the potential of LeMAPK to 
have functions related to pheromone, which could serve as a clue for further 
investigation of this MAPK in L. edodes development. 
Development is an extremely complicated process, it will take a long time in 
order to fully understand the underlying mechanisms of L edodes development. Due 
to the limited scope of this study, many of the queries are left for future studies. For 
example, we may isolate more differentially expressed genes by RAP-PCR to locate 
more gene categories that are consequential for L edodes development. Also, we can 
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amplify other genes involved in signal transduction pathways and cell cycle control by 
PCR using degenerate primers designed from their conserved sequences, thus 
facilitates the re-constructions and studies of these developmentally important 
pathways in the mushroom. 
To continue the functional studies of L. edodes genes with complementation 
tests, we should obtain more full-length cDNAs of the mushroom's developmental 
genes (e.g., cyclin B) and try them with appropriate yeast mutants. In the case of 
LeMAPK, we should test its ability to complement the spklA mutant of S. pombe. 
Other genes can also test their functions on fission yeast mutants. 
To further investigate the function of LeMAPK in L. edodes development, we 
can try to isolate the downstream elements that react with LeMAPK using methods 
like the two-hybrid system in yeast. As demonstrated in other organisms, MAPKs in 
signal transduction pathways are usually the activators of transcriptional factors, the 
activated factors in tum will activate a set of genes that function in response to a 
particular environmental stimulus that has excited the pathway. If the "prey" of 
LeMAPK (the "bait") happens to be a protein of known function, questions on both 
the downstream functions and the upstream stimulation of the pathway could be 
answered. 
In situ studies, which display the location of gene products in fixed cells and 
tissue sections, permit insights into the possible physiological functions of the gene 
being studied, even in novel genes. In situ hybridization demonstrates where a 
developmental gene is expressed at the transcription level; whereas in situ 
immunodetection can investigate the distribution of a specific protein. For those L 
edodes cDNAs that have been expressed through the yeast expression vector, specific 
antibodies can be raised against the expressed protein to generate anti-serum for 
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indirect immunostaining of the mushroom sections. In situ studies are particularly 
important in our case because in this study, mushroom samples from each of the 
developmental stages were treated as whole units, and the expression level of the 
developmental genes we have observed are actually their total transcript levels from 
different tissues of the mushroom. Whereas in situ techniques can locate the gene 
transcript or the protein in a particular tissue, or even their distributions in different 
cell compartments like the nucleus, cell membranes, or the cytoplasm. These results 
can provide valuable information on how the gene is being regulated or how the 
protein functions in the developing mushroom. 
Last but not least, there is definitely an urge for developing a transformation 
system for L edodes. The example of complementing the yeast mutant with LeMAPK 
shows that this kind of heterologous functional test is not always reliable; the gene 
must be put back into the mushroom to study its function. Expression vectors for other 
basidiomycetes like U. maydis and S. commune have been developed but for those 
edible mushrooms like A. bisporus, the results are not always satisfactory. 
Nonetheless, we can still try to develop expression vectors for our own system 
following the successful experiences of the others. For example, an ectopic expression 
vector was developed in U. maydis using its own glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) promoter as the vector's constitutive promoter (Kinal et al., 
1991). This is possible in our case as L. edodes GAPDH gene has already been 
isolated (see Chpater 3)，we can use the gene fragment as the probe to isolate the 
GAPDH promoter region from the Shiitake mushroom genomic library. Having 
solved the problem of promoter, other components of the vector could be build as 
described: like using the hygromycin B resistant gene as selection marker, L. edodes 
autonomously replicating sequence for high transformation efficiency, and using the 
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pUC-family as the vector's backbone to allow dual-host compatibility in E. coli and L 
edodes. Transformation of the expression vector can be done with a "gene-gun", 
which is a popular transformation method in plant systems. After the development of 
a transformation system for L edodes, functional assays of novel developmental genes 
can be done by over-expression or knocking-out of the gene of interest and then 
deduce the gene function from the resulting phenotypes. 
To conclude, in this study, forty differentially expressed gene fragments were 
successfully isolated from the four developmental stages of L edodes by RNA 
arbitrarily primed polymerase chain reaction (RAP-PCR). Upon re-screening with dot-
blot hybridization, ten of these RAP-fragments were selected for DNA sequencing and 
four of them show high sequence homology with other known genes in the Genbank. 
The putative functions of these fragments indicate that cellular functions like cell 
cycle control, transcription regulation, gluconeogenesis, intracellular molecule 
targeting, and signal transduction are important for the development of L. edodes. The 
inclusion of the induced mycelium stage (Mi) in Northern blot analysis shows that 
gene transcription can be directly induced by fruiting-inducing stimuli. The full-length 
sequence of the first basidiomycetes mitogen-activated protein kinase, LeMAPK of L. 
edodes, was obtained by rapid amplification of cDNA ends (RACE). Sequence 
analysis reveals that LeMAPK belongs to the YERK1 subfamily of MAPK, and 
homology search shows the deduced amino acid sequence of LeMAPK is most similar 
to those ascomycetes MAPKs involved in pheromone and mating responses. 
However, despite its high sequence homology with S. cerevisiae MAPKs FUS3 and 
KSS1, the LeMAPK constructs being tested could not functionally complement the 
mating and haploid invasive growth defects of the yeast fus3AksslA double mutant. 
Therefore, the function of LeMAPK, which is up-regulated in the primordium and 
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young fruit body stages in the development of L edodes, will need further 
investigations such as increasing the number of test-clones for the complementation 
tests, performing a complementation test in S. pombe spklA mutant, raising antibody 
against LeMAPK for in situ immunodetection on the developing mushroom sections, 
and isolation of LeMAPfCs downstream elements by yeast two-hybrid system. Other 
possible approaches to the study of L edodes development include isolating more 
developmental genes by RAP-PCR, obtaining more signal transduction and cell cycle 
genes by degenerate PCR, testing the function of more L. edodes developmental genes 
with yeast complementation analysis, and the development of a L edodes 
transformation system for functional assays and transgenic applications. 
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